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iAbstract
 A structural investigation, a petrographical 
characterization of volcanic and hydrothermal breccias, 
detailed petrologic, geochemical, and geochronological 
studies of magmatic rocks and a stable isotope study on 
alteration minerals have been performed to characterize the 
epithermal high-sulﬁdation Chelopech deposit, Bulgaria. 
This study has been undertaken to determine the volcanic 
and hydrothermal environment of the deposit.
 The Chelopech deposit is situated in the northern 
part of the Panagyurishte mineral district, located in the 
Banat-Srednogorie tectonic zone, extending from Romania 
via Serbia to Bulgaria. This belt is a major metallogenic 
zone in Eastern Europe, and is linked to the subduction of 
the Tethyan oceanic crust. The Chelopech deposit displays 
a typical epithermal high-sulﬁdation alteration, from an 
innermost advanced argillic alteration zone to a propylitic 
area in external parts of the mine. The mineralization is 
characterized by three successive stages of ore formation. 
An early Fe-S pyrite-marcasite stage, which is characterized 
by disseminated pyrite, locally replaces the host rocks 
completely. It is followed and partly brecciated by an 
intermediate Cu-As-S stage, characterized by the presence of 
enargite-luzonite-tennantite-bornite, and which constitutes 
the economic Cu-Au ore. Late stage base metal veins 
consisting of sphalerite and galena, postdate the previous 
mineralization stages. 
 Four successive stages have been identiﬁed in the 
tectonic evolution of the deposit. The Chelopech magmatic 
rocks and associated mineralization were probably emplaced 
within a sinistral transtensional strike-slip system, at the 
intersection of ~N55 and ~N110 – oriented faults. These two 
fault generations deﬁned a pull-apart basin system and have 
controlled the development of the ore-forming hydrothermal 
system at Chelopech. A change in the orientation of the 
orientation of the stress axes resulted in a tectonic overprint 
of this magmatic pull-apart system associated with two 
compressional stages. The ﬁrst one deﬁned as the Laramian 
tectonic stage is associated with the development of E-
oriented folds and the second one is characterized by a 
dextral transpressional strike-slip duplex system, parallel 
to the E-W Srednogorie orientation. This dextral system 
is characterized by the reactivation of previous normal 
N55 faults as thrusts, and N55-oriented folds. The thrust 
movement is accommodated by the development of mostly 
dextral normal strike-slip faults, which are parallel to the 
NNW-alignment of the ore deposits in the Panagyurishte 
mineral district. This dextral transpressive duplex evolved 
into a transtensional system, which characterizes the present 
day structural system of the Chelopech area. 
 This evolution of strike-slip systems in the 
Chelopech deposit has been extrapolated to the entire 
Panagyurishte mineral district. The evolution of the 
Panagyurishte district is deﬁned by three successive stripes 
(Chelopech-Elatsite, Assarel-Panagyurishte, and Elshitsa-
Radka), from North to South, which were formed during 
a time interval of approximately 16 Ma. These strike-
slip systems were formed between N110-trending faults, 
parallel to the Srednogorie belt alignment and parallel to 
the general Panagyurishte NNW direction. This migration 
of magmatism and structural systems has been ascribed by 
previous authors to a subduction-slab roll-back.
 Petrographical and geochemical studies have 
permitted to identify different altered rocks which host 
the mineralization. The altered rocks underground are 
mainly subvolcanic bodies with andesitic textures intruded 
in phreatomagmatic breccia, and both units host vein and 
disseminated mineralization. Massive sulﬁde replacement 
and abundant disseminated mineralization are mainly 
present in originally more permeable rock types such as 
volcanic tuffs and interbedded sedimentary rocks. Original 
sedimentary and volcanic textures are still preserved in this 
mineralization type. These different observations reveal 
an important lithological control of the mineralization at 
Chelopech, associated with the structural control. 
 The presence of volcanic tuff interlayered with 
carbonaceous oolitic and bioclastic sedimentary rocks 
characterizes a coastal environment during the volcanic 
history of the area. This aqueous environment is also marked 
by syn-volcanic breccias which overlay the altered rocks at 
depth and are interﬁngered with volcanogenic sandstone. 
This sedimentation suggests the presence of water in a coastal 
or lake environment at the end of the magmatic activity in 
the Chelopech area. The ore-forming hydrothermal system 
is characterized by the formation of hydrothermal breccia, 
which depends mainly on the initial nature of the host rocks. 
The spatial distribution of magmatic hydrothermal injection 
breccia, secondary polymictic breccia and mineralized 
breccia is controlled mainly by the nature of the original 
rock type, the alteration and mineralization type stages and 
preexisting faults.
 Fresh magmatic rocks have an andesitic to dacitic 
calc-alkaline composition. Magmatic rocks present porphyric 
textures with plagioclase, hornblende and minor biotite 
phenocrysts, with a microlitic mesostase. Trace element 
variations are typical of subduction-related volcanism, with 
negative anomalies in HFSE and positive LILE. HFSE were 
relatively immobile during the alteration, whereas altered 
rocks are depleted in Sr and P
2
O
5
 and enriched in K, Rb. 
REE elements were immobile during the alteration. U-Pb 
dating on single grain magmatic zircons of three distinct 
magmatic bodies, give an age for the Chelopech magmatism 
from 92.21 ± 0.21 Ma to 91.45 ± 0.15 Ma. The youngest 
subvolcanic body, dated at 91.45 ± 0.15 Ma, is interpreted 
as a maximum age of the Chelopech deposit. An Hf isotope 
study has permitted to identify two distinct sources for 
the Chelopech magmatic rocks. An andesite body which 
directly hosts the mineralization and an altered andesite 
from the surface is characterized by a homogeneous mixed 
crust-mantle magma source with a εHf
T90
 of ~1. In contrast 
dacite from the dome-like body in the northern part of the 
study area (Murgana-Petrovden) is characterized by a εHf
T90
 
value of ~ 5, which suggests a strong mantle component in 
the magma source. Some zircons from the same samples 
have low εHf
T90
 values close to -5 similar to old crustal 
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components.
 In order to characterize the nature of the 
mineralizing ﬂuids, an oxygen and hydrogen isotope study 
has been performed on alteration minerals and whole 
rocks. Fluids in equilibrium with the three alteration stages 
are predominantly of magmatic origin. First-stage ﬂuids 
responsible for the early quartz-sericite, advanced argillic 
alteration and the massive pyrite stage have a composition 
which represents mixing of volcanic vapor with meteoric 
water, for ﬂuid compositions calculated at 200°C and pure 
volcanic vapor at 250°C. Hydrothermal ﬂuids associated 
with the formation of the economic mineralization are 
enriched in volcanic vapor component compared to 
previous hydrothermal ﬂuid composition. The later stage 
in the evolution of the Chelopech hydrothermal system 
(formation of unmineralized dickite veins) is characterized 
by a second input of meteoric ﬂuid into the system mixed 
with magmatic ﬂuid. This later input of meteoric water into 
the hydrothermal system can be attributed to a decrease 
of the magmatic hydrostatic pressure in the system which 
results in a switch from magmatic hydrostatic pressure to 
meteoric hydrostatic pressure. 
 These results suggest that most of the ﬂuids 
responsible for advanced argillic and quartz sericite 
alterations are derived directly from a mixing of volcanic 
vapor and meteoric water, whereas metals and economic 
mineralization were essentially transported by a magmatic 
vapor condensate in a ﬂuid dominated system. 
 Four principal stages during the evolution of the 
Chelopech Au-Cu epithermal deposit have been deﬁned. The 
ﬁrst stage corresponds to the emplacement of the Chelopech 
volcanic ediﬁce at ~92 Ma, including the formation of 
the phreatomagmatic breccia and volcanic succession in 
a shallow water environment. This stage is followed by 
the development of the ore-forming hydrothermal system, 
including formation of different hydrothermal breccia and 
the alteration and mineralization events. A third stage is 
characterized by the end of the volcanic activity and the 
destruction of the volcanic ediﬁce, associated with opening 
of the pull-apart basin, and sedimentation of marine 
sedimentary rocks. The fourth and last stage is characterized 
by the tectonic overprint in a transpressional system during 
the Tertiary, which affected all these different rock units.
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Абстракт
 Целта на изследването е да бъдат определени 
първоначалните вулкански и хидротермални условия на 
средата, в която е формирано находището. Основните 
характеристики на находище Челопеч са изведени на 
базата на редица структурни изследвания, петрографска 
характеристика на вулканските и хидротермални 
брекчи, петрологията, геохимията и геохронологията 
на магматичните скали, както и стабилните изотопи на 
хидротермални минерали, резултат от променителните 
процеси. 
 Находище Челопеч се намира в северната част 
на Парагюрския руден район и се отнася към Банат-
Средногорската металогенна зона, простираща се от 
Румъния към Сърбия до България. Тази зона е основна 
металогенна зона в Източна Европа и е тясно свързана 
с процесите на субдукция на океанската кора на Тетиса. 
В находището се наблюдават типични епитермални 
високо-сулфиден тип хидротермални промени – от 
прогресивна аргилизация в централните части до 
пропилитизация в най-външните зони. Рудообразуването 
протича в три последователни стадия. Ранният - 
Fe-S пирит-марказитов стадии се характеризира с 
образуването на впръснат пирит (на места се достига 
до пълно заместване на вместващите скали). Той е 
последван и частично брекчиран от следващия Cu-As-S 
стадий, характеризиращ се с образуването на енаргит-
лузонит-тенантит-борнитова асоциация. В третия 
стадий се формират сфалерит и галенит в късните 
жилни образувания, секущи предишните етапи на 
минерализация.
 Тектонската еволюция на находището е 
определена като резултат от три последователни 
етапа. Магматичните скали и асоцииращата с 
тях минерализация са формирани в условията на 
транстензионна ляво-отседна система, в пресечницата 
на разломи, ориентирани ~N55 и ~N110. Тази генерация 
разломи предопределя образуването на ”pull-apart” 
басейни и има рудоконтролираща роля в развитието 
на хидротермалната система в находище Челопеч. 
Смяната на посоката на напрежението е довело до 
преориентирането на магматичната „pull-apart” система 
в транспресионна дясно-отседна дуплекс система, 
паралелна на изток-западната регионална ориентировка 
на Средногорието. В условията на дясно-отседното 
срязване става реактивиране на по-ранните разломи 
с разседен характер (N55) и трансформирането им 
в навлаци. Навлачните движения се съпровождат с 
развитието на главно десни разсед-отседни разломни 
нарушения, които са успоредни на север-северозападната 
посока на разпространение на рудните находища в целия 
Панагюрски руден район.
 Така образувания дясно-транспресионен 
дуплекс, еволюира в транстензионна система, която 
характеризира и съвременното структурно състояние на 
находище Челопеч.
 Това развитие на отседните системи в находище 
Челопеч е приложено и към целия Панагюрски руден 
район. Еволюцията на района се характеризира с 
оформянето на три последователни ивици от север на 
юг (Челопеч-Елаците, Асарел-Парагюрище и Елшица-
Радка), образувани в интервал от приблизително 16 Ма. 
Отседните системи са формирани между разломите с 
ориентировка N110, успоредно на ориентировката на 
Средногорската зона и паралелно на генералната север-
северозападна посока на Панагюрския руден район. 
Счита се, че миграцията на магматизма и развитието 
на структурните системи е резултат от „roll-back” на 
субдуциращата се плоча.
 Петрографските и геохимичните изследвания 
позволяват да се определят различни променени скали, 
които вместват рудните минерали. Хидротермално 
променените скали в подземните изработки са главно 
андезитови по състав субвулкански тела, внедрени 
във фреато-магмени брекчи, с жилна и впръсната 
минерализация. Масивно сулфидно заместване и 
изобилна впръсната минерализация се наблюдават 
главно в по-проницаемите скали, като вулкански 
туфи и прослояващите ги седименти. В тези скали 
първоначалните структури са все още запазени. 
Посочените наблюдения свидетелстват за важността 
както на структурния, така и на литоложкия контрол за 
минерализацията в находището.
 Наличието на вулкански туфи, прослояващи 
се с карбонатни оолитни и биокластични седименти 
свидетелстват за крайбрежни условия на средата по 
време на вулканската активност в региона. Това се 
потвърждава и от наличието на син-вулкански брекчи, 
които припокриват хидротермално изменените скали 
и се прослояват с вулканогенни пясъчници. Този 
тип седиментация предполага наличие на вода в 
плиткоморски или езерни условия в края на магматичната 
активност в региона на Челопеч. Рудообразуващата 
хидротермална система се характеризира с формирането 
на хидротермални брекчи, в зависимост главно 
от типа на вместващите скали. Пространственото 
разпространение на магматичната хидротермална 
инжекционна брекча, вторичната полимиктова брекча и 
минерализираната брекча се контролира преди всичко от 
характеристиките на изходния тип скала преди началото 
на минерализацията, първите изменения и последвалите 
стадии на минерализация, както и от съществуващите 
разломи. 
Свежите магматични скали са андезити до дацити, с 
калциевоалкална характеристика. В тях се наблюдава 
порфирна по плагиоклаз, амфибол и по-рядко 
биотит структура, с микролитов матрикс. Моделът 
на разпределение на елементите следи е типичен за 
вулканити от субдукционните обстановки, с негативни 
аномалии на елементите с висок йонен потенциал 
и позитивни за LILE. Елементите с висок йонен 
потенциал са относително немобилни в процесите на 
изменение на скалите, докато променените скали са 
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значително обеднени на Sr и P
2
O
5
 и обогатени на K, Rb. 
Редкоземните елементи също са немобилни в процесите 
на хидротермална промяна. Датирането на единични 
магматични циркони от три различни магмени тела по 
U/Pb метод дава възраст на магматизма в Челопеч от 
92.21 ± 0.21 Ma до 91.45 ± 0.15 Ma. Изотопите на хафния 
в датираните циркони позволяват да се разграничат два 
различни източника за формирането на магматичните 
скали. Андезитовите субвулкански тела, които вместват 
минерализацията, и хидротермално променените 
андезити в близост до повърхността се характеризират с 
хомогенен, смесен корово-мантиен източник на магмата 
с εHf
T90
 ~1. От друга страна, дацитите в северната 
част на изучавания регион (Мургана-Петровден) се 
характеризират с εHf
T90
 ~ 5, което предполага значителен 
мантиен компонент в магмения източник. Някои циркони 
в същите скали показват ниско εHf
T90 
 - близо до -5, което 
се корелира с наличието на унаследен коров компонент.
 С цел да бъде характеризирана природата 
на минерализационните флуиди, са направени 
изследвания на кислородните и въглеродните изотопи 
в променителните продукти и скалите. Съставът на 
флуидите в равновесие в трите стадия на изменение 
на скалите е с преобладаващо магматичен произход. 
По време на първия стадий на хидротермални 
изменения, свързани с образуването на ранен кварц-
серицит, прогресивна аргилизация и масивен пирит, 
флуидите имат смесен характер – вулкански газ и 
метеорни води. Хидротермалните разтвори, които са 
свързани с главното рудоотлагане, са с по-значително 
участие на вулкански газ, в сравнение със състава на 
предшестващите хидротермални флуиди. Последният 
стадий в еволюцията на хидротермалната система в 
находище Челопеч (образуване на дикитови жили) 
се характеризира с повторно значително участие на 
метеорен флуид, заедно с магматичен флуид. Този късен 
привнос на метеорни води в хидротермалната система 
може би се контролира от намаляване на магматичното 
хидростатично налягане в системата, което предполага 
преминаване от магматично хидростатично налягане 
към метеорно хидростатично налягане.
 Тези резултати предполагат допускането, че 
по-голяма част от флуидите, свързани с напредналата 
аргилизация и серицитизация, са резултат от 
смесването между вулкански газ и метеорна вода, 
докато рудоотлагането е свързано преди всичко с 
транспортирането на металите от газов кондензат 
магматична вода, и в двата случая във флуидно-
доминирана система. Еволюцията на флуидната система 
във високо сулфидното епитермално находище Челопеч 
показва особености, близки до тези на редица световно 
значими високо-сулфидни находища.
 В еволюцията на епитермалното Au-Cu 
находище Челопеч могат да се отделят четири принципни 
етапа. Първият етап отговаря на формирането на 
вулканските постройки в Челопеч – преди около 92 Ма, 
вкючително образуването на фреато-магматична брекча 
и вулканските последователности в плитководна среда. 
Вторият етап е свързан с развитието на рудогенерираща 
хидротермална система и включва образуването на 
различни хидротермални брекчи, хидротермални 
изменения на вместващите скали, както и основното 
рудоотлагане. Третият етап маркира края на вулканската 
активност в региона и разрушаване на вулканските 
постройки, което се свързва и с отваряне на „pull-
apart” басейни и морска седиментация. Четвъртият и 
последен етап се характеризира с тектонско налагане на 
транспресионен режим, по време на терциера, и засяга 
всички различни скални единици.
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Résumé des Résultats
Introduction
 Cette partie présente un résumé étendu des résultats 
obtenus lors de l’étude pétrographique, pétrologique, 
structurale et géochronologique du gisement épithermal 
de type « high-sulﬁdation » de Chelopech en Bulgarie. La 
formation et la classiﬁcation de ce gisement ont fait l’objet 
de nombreux débats. En effet la présence de pyrite massive 
précoce a souvent été associée à un stade de sulfure massif 
lié à une formation syn-génétique. 
 Dimitrov (1960) présenta le gisement de 
Chelopech comme épigénétique, associé à des processus de 
remplacement liés à la formation des porphyres cuprifères 
du district de Panagyurishte. Bogdanov (1984) suggéra 
que la formation de ces sulfures massifs était synchrone 
à l’activité volcanique et à la sédimentation crétacé et 
selon cet auteur l’ensemble a ensuite été recoupé par une 
minéralisation de cuivre et polymétallique. De plus, en se 
basant sur des datations K-Ar préexistantes, l’auteur proposa 
que ces gisements à sulfures massifs étaient antérieurs aux 
porphyres cuprifères de Panagyurishte. 
 Petrunov (1995) et Mutafchiev and Petrunov 
(1996) déterminèrent une séquence paragénétique pour la 
minéralisation et les assemblages de minéraux d’altérations 
de type « high-sulﬁdation ». Ils proposèrent un modèle 
d’évolution du gisement caractérisé par une surimposition 
de trois événements hydrothermaux. 
(1) Les auteurs relièrent la formation de lentilles de 
sulfure massif à un environnement sous-marin, où 
le mélange entre les ﬂuides magmatiques et l’eau 
de mer aurait  provoqué la précipitation de pyrite 
et d’anhydrite au cœur de l’édiﬁce volcanique, 
et des sédiments riches en fer se formeraient 
directement au contact de l’eau de mer. 
(2) La surrection du système hydrothermal au-
dessus du niveau marin aurait engendré une 
altération de type « acid-sulfate » caractéristique 
d’un environnement épithermal de type « high-
sulﬁdation ». Cette étape serait clairement 
associée au développement de la minéralisation 
économique de Chelopech. 
(3) Des mouvements tectoniques auraient engendré le 
développement de veines polymétalliques de type 
« low-sulﬁdation » dans la région de Vozdol.
De récents travaux (Kouzmanov, 2002 ; Strashimirov 
et al., 2002 ; Moritz et al., 2004) suggèrent une origine 
épigénétique pour ces minéralisations hydrothermales à Cu 
et Au associé à un assemblage minéralogique de type « high-
sulﬁdation ». Ces minéralisations seraient caractérisées par 
un remplacement massif des roches préexistantes par des 
sulfures. Ces auteurs relient la formation de ces gisements 
épithermaux aux porphyres cuprifères de Panagyurishte.
Le gisement de Chelopech présente donc une minéralisation 
d’or et de cuivre disséminée et sous forme de lentilles de 
sulfure massif qui sont à l’origine de la controverse. 
 La controverse est si le gisement de Chelopech est 
un gisement de type « Volcanic hosted massive sulﬁde » 
(VHMS) où la minéralisation massive serait syn-génétique, 
ou bien s’il s’agit d’un gisement épithermal de type « high-
sulﬁdation » où la minéralisation massive serait due à un 
remplacement total de la roche préexistante par de la pyrite. 
De plus quels sont les différents facteurs : failles, lithologies, 
nature des ﬂuides, qui contrôlent cette minéralisation ?
 Dans le but de répondre à cette question, plusieurs 
études ont été menées en parallèle : les travaux de diplômes 
de S. Georgieva (Institut de Géologie de l’Académie Bulgare 
des Sciences) et S. Jacquat (Université de Genève) sur la 
minéralisation et la séquence paragénétique du gisement, 
l’actuel travail de thèse de doctorat de S. Georgieva, sur la 
minéralogie de l’altération, ainsi que la thèse de doctorat 
du Dr. S. Stoykov (Institut de Géologie de l’Académie 
Bulgare des Sciences) sur la pétrologie et les relations 
géochronologiques des roches magmatiques de la région de 
Chelopech à l’échelle régionale.
 Ce travail présente quatre approches différentes du 
gisement, essentiellement basées sur la mise en évidence 
des différents facteurs qui ont contrôlé le magmatisme et le 
système hydrothermal :
(1) Une cartographie détaillée de la surface et des 
niveaux souterrains 400 et 405 de la mine a été 
réalisée dans le but d’identiﬁer les différentes 
roches et de reconstituer l’évolution géologique 
à l’échelle du gisement et de la région. 
(2) Une étude pétrographique des roches 
magmatiques fraîches et altérées ainsi que des 
roches sédimentaires associées a été réalisée 
aﬁn de déﬁnir : (a) l’inﬂuence de ces roches 
sur les différents types de minéralisation et 
(b) l’environnement volcanique au Crétacé 
supérieur. Parallèlement, une étude détaillée 
des différents types de brèches hydrothermales 
présentes à Chelopech a été réalisée dans le 
but d’établir une classiﬁcation de ce celles-
ci, jamais réalisée jusqu’alors. Cela nous a 
permis de développer un modèle de formation 
de ces brèches hydrothermales en fonction des 
différentes lithologies et des différents types de 
minéralisation.
(3) Des datations U-Pb sur zircons ont été réalisées 
sur différentes roches magmatiques plus ou moins 
altérées, spécialement sur le corps andésitique 
qui encaisse la minéralisation, permettant de 
donner un âge maximum au gisement et d’établir 
les relations temporelles du magmatisme et la 
minéralisation de Chelopech avec les différents 
gisements du district de Panagyurishte. 
(4) Des analyses d’isotopes stables sur les principaux 
minéraux d’altération liés aux différents stades 
paragénétiques ont été effectuées pour caractériser 
la nature et l’origine des ﬂuides hydrothermaux 
minéralisateurs au cours de l’évolution du 
gisement.
Contexte géologique régional
 Le gisement de Chelopech se situe dans la ceinture 
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métallogénique de Banat-Srednogorie et plus spéciﬁquement 
dans le district de Panagyurishte en Bulgarie (Fig. 1.4 ; 
Heinrich et Neubauer, 2002). Cette ceinture traverse la 
Roumanie, la Serbie et la Bulgarie pour ﬁnir au niveau de 
la Mer Noire. L’origine et la formation de cette ceinture 
ont été sujettes à de nombreux débats. Généralement, la 
plupart des auteurs considèrent cette ceinture comme étant 
reliée à une subduction. Boccaletti (1974), Aiello et al. 
(1977), Hsü et al. (1997) et Ricou et al. (1998) considèrent 
cette ceinture comme le résultat direct de la fermeture de 
l’océan Vardar associée à la subduction de la plaque nord 
eurasienne. Plusieurs auteurs proposent que cette ceinture 
soit liée à un arc insulaire (Bogdanov, 1974 ; Herz et Savu, 
1974 ; Bogdanov, 1977 ; Dupont et al., 2002 ; Stoykov et al., 
2002). Boncěv (1976), Popov et al. (1979) et Popov (1987) 
relient le magmatisme de la zone de Banat-Srednogorie à un 
épisode de rifting, associé à une remontée mantellique dans 
un contexte d’extension général. 
 Plus récemment, Neubauer (2002) et Neubauer 
et al. (2003) ont réinterprété la formation de la ceinture 
Alpes - Balkan - Carpathes - Dinarides comme étant reliée 
à un épisode de collision continent-continent au Crétacé 
supérieur. De plus, ils proposent que le magmatisme et le 
développement de la minéralisation, soient liés à la formation 
de bassins d’effondrement post-collision, associée à une 
rupture de la plaque lithosphérique subductée (Fig. 3.2). 
En se basant sur de nouvelles datations et sur la tectonique 
globale de la zone, Lips (2002) propose un nouveau modèle 
géodynamique, dans lequel le magmatisme se serait mis 
en place au Crétacé supérieur dans un système d’extension 
arrière arc, suivi d’un « roll-back » de la lithosphère 
subductée vers 30 Ma. Contrairement à Lips (2002), 
Kamenov et al. (2003, 2004) et Von Quadt et al. (2003, sous 
presse) associent le magmatisme Crétacé au « roll-back » 
du slab.
 En Bulgarie, la ceinture de Srednogorie peut être 
divisée en trois segments, séparés par des décrochements 
obliques majeurs : le Srednogorie de l’Ouest, Central et de 
l’Est (Fig. 1.5 ; Dabovski, 1980). Les roches magmatiques 
sont de type calco-alcalin avec une variation de la composition 
d’Est en Ouest. Le Srednogorie de l’Ouest se caractérise 
par un magmatisme calco-alcalin à calco-alcalin enrichi en 
potassium, avec essentiellement une composition d’andésite 
basaltique. Le Srednogorie Central est surtout caractérisé 
par des andésites, tandis que des roches magmatiques du 
Srednogorie de l’Est traduisent une composition variant des 
basaltes tholeitiques à des trachyandésites. L’intensité et la 
basicité du magmatisme augmentent d’Ouest en Est.
 Le district de Panagyurishte, où est localisé notre 
sujet d’étude, se situe dans la partie centrale de la ceinture 
de Srednogorie. Localisé à 55 km à l’Est de Soﬁa, il s’étend 
sur une quarantaine de km de longueur. Il est caractérisé 
par un alignement NNW de gisements de types porphyres 
cuprifères et épithermaux (Fig. 1.6), qui représentent près 
de 95 % de la production actuelle de cuivre et d’or de la 
Bulgarie (Mutafchiev et Petrunov, 1996). Le district est 
constitué d’une succession d’horsts et de grabens délimités 
par des failles transformantes régionales d’orientation 
~N110-120 (Ivanov et al., 2001), recoupées par des failles 
décrochantes d’orientation ~N150. La géologie du secteur 
est marquée par la mise en place au Crétacé supérieur de 
roches volcaniques extrusives et plutoniques mises en place 
dans un socle cristallin paléozoïque, parallèlement à une 
sédimentation de type marine en domaine côtier puis plus 
profond. Cette géologie est plus détaillée dans le prochain 
paragraphe. 
 Deux types principaux de gisements sont connus 
dans le district de Panagyurishte, associés aux roches 
magmatiques crétacées (Tableau. 1): des porphyres 
cuprifères et des gisements épithermaux massif de 
remplacement de type high-sulﬁdation, dont fait partie 
Chelopech (Strashimirov et al., 2002 ; Moritz et al., 2004).
Gisements Activité Réserves et teneurs
Porphyres cuprifères
Elatsite en production depuis 1981 154 Mt @ 0.33% Cu
Assarel en production depuis 1976 254 Mt @ 0.41% Cu
Medet mine fermée (1964-1993) 163 Mt @ 0.32% Cu, 0.1 g/t Au
Vlaylov Vrah mine fermée (1962-1979) 9.8 Mt @ 0.46% Cu
Tsar Assen mine fermée (1980-1995) 6.6 Mt @ 0.47% Cu
Epithermaux high-sulﬁdation
Chelopech en production depuis 1954 31 Mt @ 1.59% Cu, 3.86 g/t Au
Elshitsa mine fermée (1947-1996) 2.5 Mt @ 1% Cu, 1.5 g/t Au
Radka mine fermée (1942-1997) 6.4 Mt @ 1% Cu
Krassen mine fermée (1962-1973) 0.3 Mt @ 0.76%Cu
Tableau. 1. Gisements de cuivre du district métallifère de Panagyurishte (d’après Strashimirov et al., 2002).
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Le gisement de Chelopech (Bulgarie).
Historique du gisement
 Le gisement de Chelopech est situé à 
approximativement 60 km à l’Est de Soﬁa en Bulgarie. 
L’exploration et la cartographie détaillée du gisement 
débutent en 1954 et s’étend jusqu’aux années 70, période 
à laquelle est construite l’usine de traitement du minerai. 
De 1992 à 1998, la « Bulgarian Ireland Mining Compagny, 
BIMAC » exploite le gisement, en 1993 NAVAN acheta 68% 
des parts de la mine au gouvernement Bulgare. En 1999, 
la mine est totalement privatisée. En 2003, la compagnie 
canadienne « Dundee Precious Metals, Inc., DPMI » rachète 
la mine de Chelopech à Navan. 
 Le gisement de Chelopech est considéré comme 
l’un des plus importants gisements d’or d’Europe avec 
une teneur moyenne en or de 3.8g/t et de 1.5% en cuivre 
(Tableau. 2.1).
Géologie du gisement
 Le gisement de Chelopech se situe sous un synclinal 
constitué de roches sédimentaires datant du Crétacé supérieur, 
qui l’a probablement préservé de l’érosion. Il est associé à 
des roches magmatiques datant du Crétacé supérieur (Fig. 
2.1). Les roches du soubassement sont essentiellement 
constituées de gneiss et d’amphibolites pré-mésozoique 
attribués au complexe pré-Rhodopéen (Daboski, 1988) et 
du complexe volcano-sédimentaire du groupe de Berkovitza 
datant du Précambrien supérieur et Cambrien (Haydoutov, 
2001). Les formations volcaniques et sédimentaires du 
Crétacé supérieur recouvrent de façon transgressive ce 
socle métamorphique. Trois groupes peuvent être déﬁnis : le 
complexe terrigène du Turonien, les complexes volcaniques 
et subvolcanique-hypabyssal du Sénonien inférieur et le 
complexe ﬂyschoïde du Maastrichtien (Fig. 2.2 ; Nachev, 
1989 ; Popov et Popov, 2000). 
(1) Le complexe terrigène du Turonien est composé 
de deux séries : conglomératique et gréseuse. 
La série conglomératique est transgressive et 
discordante au soubassement Paléozoïque. Ce 
complexe peut atteindre une épaisseur totale de 
300m et est observable directement au nord de 
la zone que nous avons étudiée, dans la région 
de Vozdol (Fig. 2.1). Cependant à notre échelle 
d’étude, ce complexe afﬂeure toujours altéré.
(2) Les roches volcaniques et subvolcaniques-
hypabyssales intrudent le complexe sédimentaire 
basal du Turonien (Popov et Popov, 2000). 
Elles sont attribuées au Sénonien inférieur. Ces 
roches sont caractérisées par des formations 
volcano-sédimentaires, appelées la « Formation 
de Chelopech », associées à des coulées et des 
brèches volcanogéniques. La mise en place a 
été contemporaine d’une sédimentation côtière 
gréseuse volcanogénique à deux micas dans des 
systèmes de bassins (Fig. 2.3a, b ; Stoykov et 
Pavlishina, 2003). Ce complexe est également 
caractérisé par des intrusions sub-volcaniques.
(3) Le complexe ﬂyschoïde du Maastrichtien 
(Stoykov et Pavlishina, 2003) s’est formé après 
la ﬁn de l’activité magmatique. Moev et Antonov 
(1978) distinguent deux séries. (a) La Formation 
de Mirkovo (Fig. 2.2) superposée à la Formation 
volcano-sédimentaire de Chelopech de manière 
discordante et reﬂétant une transgression 
marine. Elle est caractérisée par une séquence 
de marne et calcaire rouge, avec un conglomérat 
volcanoclastique à sa base (Fig. 2.3c). Cette 
formation a une épaisseur variable (1 à 100m). 
(b) La Formation de Chugovista est déﬁnie par un 
ﬂysch carbonaté (Fig. 2.3d). Elle peut atteindre 
200m d’épaisseur dans la partie centrale du 
synclinal de Chelopech et recouvre la Formation 
de Mirkovo (Fig. 2.4).
Altération du gisement de Chelopech
 Georgieva et al. (2002, 2004) décrivent une 
zonation de l’altération typique d’un gisement épithermal 
de type « high-sulﬁdation » (Fig. 2.7). Ils déterminent trois 
zones d’altération :
(1) La partie centrale, la plus proche des corps 
minéralisés, est caractérisée par une altération 
argillique avancée avec la formation, à certains 
endroits, de zones de « vuggy silica », associée 
à la présence de kaolinite, dickite, pyrite, anatase 
et des minéraux de type alumino-phosphate-
sulfate (APS) de la solution solide svanbergite-
woodhouseite. 
(2) Cette zone est ceinturée d’une altération à quartz-
séricite, à sericite, APS, quartz, illite, pyrite, 
halloysite et anatase.
(3)  La zonation ﬁnalement évolue vers une altération 
de type propyllitique à chlorite, épidote, titanite, 
carbonate et albite, dans les parties les plus distales. 
Cet assemblage minéralogique s’est formé à des 
températures proches de 200°C (Georgieva et al., 
2002). Les forages ont montré que l’altération 
des roches magmatiques est continue sur plus 
de 2000m de profondeur, avec un assemblage à 
diaspore, pyrophyllite, alunite, apatite et zunyite, 
témoignage de plus hautes températures (~260-
280°C) en profondeur.
Séquence paragénétique
 Petrunov (1994, 1995) et Jacquat (2003) ont 
déterminé une séquence paragénétique détaillée de la 
minéralisation de Chelopech (Fig. 2.10). Les auteurs ont 
mis en évidence la présence d’un stade primaire, riche en fer 
et en soufre, qui se manifeste par la formation des sulfures 
massifs pyriteux cités précédemment. Ce premier stade est 
suivi d’un stade, enrichi en cuivre, en arsenic et en soufre 
et regroupant l’ensemble des minéralisations économiques. 
Les minéraux constituant ce stade intermédiaire sont : la 
pyrite, la marcassite, l’énargite, la luzonite, la tennantite, la 
chalcopyrite, la bornite, la mawsonite, l’arsenosulvanite, la 
colusite, la digénite, la chalcosite, la covellite, la sphalérite, 
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la galène/clausthalite, la golﬁeldite, l’or et des phases à Cu-
Sn-S et Cu-Sn-S-Fe. Ce stade est caractérisé par la présence 
de deux paragénèses, (« en-lz » et « tn-cp-bo »). Les 
ﬂuides minéralisateurs ont un caractère pulsatif et répétitif. 
La séquence paragénétique se termine par un stade tardif 
marqué par la présence de veines polymétalliques à galène 
et sphalérite. 
 Les minéralisations se présentent sous différentes 
formes qui dépendent des particularités physico-chimiques 
des ﬂuides minéralisateurs, des différentes lithologies et 
des conditions tectoniques (Jacquat, 2003). Le style le plus 
courant est un réseau tridimensionnel de veines irrégulières 
d’orientation subverticales. On rencontre également des 
zones de brèches minéralisées où la matrice est constituée 
de minéraux métalliques et/ou de gangues. La dissémination 
des minéraux métalliques est très courante et peut aboutir 
au remplacement complet ou partiel de la roche préexistante 
et ainsi former des zones de sulfures massifs. Ces zones de 
remplacements massifs se sont essentiellement développées 
dans des tufs volcaniques interstratiﬁés avec des roches 
sédimentaires bioclastiques et oolithiques (Jacquat, 2003 ; 
cette étude).
Etude structurale du gisement et nouvelles 
implications sur la géodynamique du 
district de Panagyurishte
Cadre structural du gisement de Chelopech
 Nous avons entrepris une étude détaillée du cadre 
structural du gisement de Chelopech et ainsi produit des 
cartes structurales précises de la surface et du niveau 405 
de la mine (Figs. 3.5, 3.7). La zone d’étude est limitée au 
nord par la faille dite de « Petrovden » et au sud par le 
« chevauchement de Chelopech ». En dépit d’une qualité 
médiocre d’afﬂeurement des plans de failles, cette étude a 
mis en évidence trois principaux groupes de failles.
 -Les failles « F
1 
»
 
présentent une direction variant 
de N20 à N55 avec un pendage de 40 à 50° essentiellement 
vers le sud (Fig. 3.7). Ces failles sont associées à des 
mouvements de chevauchement (Figs. 3.8a, c, d) et sont 
souvent à l’origine de plis métriques à décamétrique (Fig. 
3.8b). Elles peuvent être associées à des structures C-S 
caractéristiques des zones de cisaillements en régime de 
compression le long du plan de chevauchement. Les plis sont 
essentiellement présents dans la couverture sédimentaire du 
Crétacé supérieur et sont donc post-volcaniques. Les axes de 
plis ont la même orientation que les failles F
1
 associées. Ces 
failles peuvent être associées à des mouvements senestres 
transpressifs. 
 -Les failles « F
2
 » sont orientées ~N90 à N110 avec 
des pendages sub-verticaux à 60° vers le sud. Leur orientation 
est parallèle à celle de la ceinture de Srednogorie. Ces failles 
sont caractérisées par des mouvements décrochants en 
« strike-slip » conjugués dextres et senestres.
 -Les failles « F
3
 » présentent une orientation variant 
de N135 à N170 avec un pendage de 60° E/W à subvertical. 
Elles présentent un mouvement normal avec une composante 
décrochante dextre en « strike-slip » et sont parallèles à 
l’orientation générale du district de Panagyurishte. 
 L’étude des relations chronologiques relatives de 
ces failles a permis de mettre en évidence leurs relations 
possibles avec le gisement de Chelopech. Associées à 
la cartographie, différentes coupes parallèles aux failles 
F
1
, F
2
 et F
3
 ont permis de mettre en évidence les relations 
chronologiques entre ces groupes de failles (Fig. 3.4). De 
cette étude il ressort :
(1) L’orientation des corps minéralisés et des zones 
d’altération argillique avancée est parallèle aux 
failles F
1
 et F
2
 (Fig. 3.7).
(2) Les conduits des brèches hydrothermales 
présentent la même direction et le même pendage 
que les failles F
1
 (Fig. 3.4a).
(3) Les zones intensivement siliciﬁées ont été 
recoupées par les failles F
1
 (Fig. 3.4a) caractérisées 
par des mouvements de chevauchement. Les 
failles F
3
 reprennent également ces zones par un 
jeu normal avec une composante transformante 
dextre.
(4) Les failles F
2
 sont reprises par les failles F
1
 et F
3
.
(5) Les failles F
2
 présentent une orientation similaire 
à l’arc magmatique de Srednogorie.
(6) Les failles F
3
 présentent une orientation similaire 
à l’alignement régional des gisements métallifères 
du district métallogénique de Panagyurishte.
(7) Les zones minéralisées et siliciﬁées de la zone de 
Charlodere (Figs. 2.1, 3.4 ; 3.5), sont recoupées 
par les failles F
1
. 
(8) Les zones de Charlodere et de Chugovista sont 
considérées comme des écailles associées à la 
phase de compression associée aux failles F
1 
(Fig. 
3.5).
 Ces différentes observations et relations temporelles 
entre les différentes familles de failles nous ont permis 
d’établir un nouveau modèle d’évolution structural depuis 
la mise en place du volcanisme jusqu’à la géométrie actuelle 
du gisement de Chelopech.
Modèle structural du gisement 
 L’évolution tectonique peut être décomposée en 
quatres phases (Fig. 3.12):
(1) Le développement du volcanisme au Crétacé 
supérieur, ainsi que le système hydrothermal 
sont associés à la formation d’un bassin de type 
« pull-apart» le long des failles de Srednogorie. 
Leur orientation E-W est contrôlée par les failles 
bordières F
1
 d’orientation ~N55 avec un pendage 
vers le sud (cas de Chelopech) ou vers le nord 
(cas de Charlodere). Cette étape peut résulter 
d’une subduction oblique qui aurait engendré 
un régime en transtension senestre, responsable 
de la formation des bassins en «pull-apart» (Fig. 
3.12a ; Tosdal et Richards, 2001).
(2) Après la déposition de la couverture sédimentaire à 
la ﬁn du Crétacé, un changement d’orientation des 
contraintes principales engendre le développement 
d’un système dextre compressif en transtension, 
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le long des failles décrochantes F
3
, cette 
modiﬁcation des contraintes est probablement 
liée à l’orogenèse Alpine naissante.  Cette phase 
compressive est associée au développement de 
mouvements chevauchants le long des failles 
F
2
, en association avec la formation de plis 
d’orientation E-W, et à la réactivation des failles 
F
1
 en faille décrochantes (Fig. 3.12b).
(3) Un nouveau changement d’orientation des 
contraintes fait évoluer la tectonique locale 
vers un régime transpressif dextre le long des 
failles F
2
. Cela se traduit sur le terrain par (a) la 
réactivation des failles F
1
 en chevauchement et 
par des mouvements dextres le long des failles 
F
2
 (Fig. 3.12c), (b) le deuxième plissement des 
dépôts sédimentaires crétacés selon un axe N50. 
Le long de Panagyurishte, cette déformation est 
accompagnée par un jeu en strike-slip dextre avec 
une composante  normale des failles F
3
.
(4) Actuellement le système est à nouveau soumis 
à un régime en extension (Fig. 3.12d). Certaines 
failles F
1
 ont à nouveau un jeu normal, comme 
la faille bordière du gisement de Chelopech. 
Dans tout le district de Panagyurishte ce système 
en « strike-slip » transtensif dextre provoque le 
développement de horsts et grabens le long des 
failles F
2
, avec une orientation plus ou moins 
~N100. Cette étape est associée à la formation de 
bassins sédimentaires cénozoïques et à la remontée 
des roches métamorphiques du soubassement.
Modèle géodynamique de l’évolution du district 
de Panagyurishte
 En considérant l’évolution spatiale, structurale et 
temporelle des différents gisements du district minier de 
Panagyurishte, nous avons établi un modèle géodynamique 
du district en extrapolant le modèle de développement 
du gisement de Chelopech. Chaque gisement semble être 
contrôlé par les failles F
1
 ou F
2
 (Popov et Popov, 1997 ; 
Tsonev et al., 2000 ; Kouzmanov et al., 2002) tout en étant 
alignés les uns par rapport aux autres selon la direction 
NNW-SSE parallèle aux failles F
3 
(Figs. 3.13, 3.14). Des 
études géophysiques (Dobrev et al., 1967 ; Tsvetkov, 1976) 
ont montré l’existence d’une zone de faiblesse profonde 
orientée NNW-SSE, parallèle à l’alignement régional 
des gisements du district de Panagyurishte, ce qui laisse 
supposer que la remontée magmatique de cette zone a été 
contrôlée par le système de failles F
3
 lors de sa formation. 
De récentes datations (Von Quadt et al., 2002, sous presse) 
ont également montré une migration du Nord vers le Sud 
du magmatisme de Panagyurishte durant environs 14 Ma 
(Figs. 3.14, 5.14). Cette évolution est déterminée grâce à 
un âge maximum au nord de 92 Ma pour le magmatisme 
lié au porphyre cuprifère d’Elatsite et un âge de 78 Ma 
pour le pluton de Capitan Dimitrievo au sud. Ivanov et al. 
(2001), Popov et Popov (2000) ont montré que le district de 
Panagyurishte se divisait en trois zones de « strike-slip », 
associées à des épisodes magmatiques distincts dans le 
temps. 
 Notre modèle est basé sur les concepts récents de 
formation des gisements de type porphyre et épithermaux 
de Tosdal et Richards (2001) et Sillitoe et Hedenquist 
(2003). Ils ont proposé que le développement de ces 
gisements soit favorisé par un environnement tectonique 
en subduction oblique associé à un régime de contraintes 
neutres en période de relaxation ou bien associé à un régime 
d’extension, favorisant ainsi la formation de bassins de type 
«pull-apart». 
 Le magmatisme de Chelopech aurait commencé 
dans la région de Elatsite-Chelopech lors de la formation de 
bassins en «pull-apart», associés à la subduction oblique de 
la plaque sud, provoquant un régime de contrainte en strike-
slip senestre (Fig. 3.15a). Les roches magmatiques ainsi que 
les zones minéralisées se seraient mises en place le long des 
failles F
1
 et F
2
. Un phénomène de « roll-back » de la plaque 
plongeante aurait provoqué un déplacement de la zone 
d’extension, se traduisant par la migration du magmatisme 
et de la minéralisation associée le long de la zone de 
faiblesse profonde parallèle aux failles F
3
. Cette migration 
aurait favorisé successivement le développement des zones 
de Panagyurishte-Assarel (Fig. 3.15b) et de Elshitsa-Radka 
(Fig. 3.15c). Ce modèle est cohérent avec les récentes 
investigations pétrologiques sur les roches magmatiques du 
sud de Panagyurishte qui montrent un enrichissement de la 
composante mantellique de ces magmas due à une remontée 
asthénosphérique au niveau de la ﬂexure de la plaque 
subductée (Kamenov et al., 2004 ; Von Quadt et al., sous 
presse).
Inﬂuence des différentes lithologies 
sur le développement des brèches 
hydrothermales de Chelopech
 L’étude pétrographique des roches encaissantes et 
du style de minéralisation a permis de mettre en évidence un 
important contrôle lithologique sur le type de minéralisation 
du gisement épithermal de Chelopech. De plus, l’étude 
pétrographique des brèches volcaniques et hydrothermales 
a permis de proposer un nouveau modèle d’environnement 
volcanique du gisement ainsi qu’un modèle de formation 
des différents types de brèches hydrothermales présents 
dans le gisement en fonction des roches encaissantes et des 
différents styles de minéralisation.
Les roches encaissantes du gisement de 
Chelopech
 Quatre types de roches encaissantes ont été 
identiﬁés : 
-des corps sub-volcaniques altérés d’andésite massive, 
-des niveaux de dépôts d’origine pyroclastiques altérés, 
interstratiﬁés avec des roches sédimentaires,
-des brèches d’origine volcanique,
-des brèches hydrothermales.
 L’unité hypabyssale d’andésite altérée (Fig. 4.3a) 
présente une orientation plus ou moins N150. La texture 
macroscopique de la roche est généralement très bien 
conservée en dehors des zones minéralisées, et on peut encore 
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reconnaître des fantômes de plagioclase, d’amphibole et 
biotite. La texture est porphyritique, similaire aux andésites 
de surface. Au niveau 405 de la mine cette roche représente 
approximativement 40% du volume, mais il semblerait, 
d’après les forages, que la proportion soit moindre pour 
l’ensemble de la mine. 
 La seconde unité d’importance est une brèche 
phréatomagmatique, toujours altérée à l’afﬂeurement et qui 
sera détaillée dans le paragraphe suivant. 
Ces deux types de roches encaissent principalement la 
minéralisation sous forme de veines ou disséminée.
 Des niveaux de roches pyroclastiques ont été 
observés dans les partie ouest de la mine (Figs. 4.2, 4.3a ; 
blocks d’exploitation 151, 150 et 103). Ces tufs volcaniques 
ont une texture très ﬁne et apparaissent parfois lités, avec 
des fantômes de ponces et des fragments du socle (Fig. 
4.5d). Des horizons riches en lapilli accrétionnés ont aussi 
été mis en évidence (Fig. 4.5c). Ces niveaux pyroclastiques 
sont intercalés avec des horizons de roches sédimentaires 
d’origine carbonatée (Fig. 4.6) identiﬁées grâce à la 
présence d’oolithes préservées et de fragments bioclastiques 
(Fig. 4.5b). Ces niveaux n’afﬂeurent que dans les zones 
d’altération intensive et encaissent une minéralisation 
massive. Le remplacement massif de ces roches a 
probablement été pervasif car il a permis la préservation des 
textures volcaniques et sédimentaires (Jacquat, 2003; cette 
étude).
 La minéralisation, sous forme de sulfure massif, 
veines ou dissémination, est couramment encaissée par 
différentes brèches hydrothermales.  
Identiﬁcation et classiﬁcation des brèches
 Dans cette étude plusieurs types de brèches ont été 
identiﬁés. Les brèches volcaniques sont directement liées à 
l’histoire volcanique de la région et ont été nommées à partir 
des classiﬁcations de Lorenz (1986), Cas et Wright (1987) 
et McPhie et (1993). Les brèches dites « hydrothermales » 
sont associées au développement du système hydrothermal 
et de la minéralisation. Elles ont été déterminées en utilisant 
principalement les travaux de Sillitoe (1985), Baker et al. 
(1986) et Corbett et Leach (1998). 
 Brèches volcaniques (Tableau. 4.1)
 Quatre types de brèches volcaniques ont été 
identiﬁé : trois en surface et une en profondeur.
(1) La brèche syn-volcanique à zone volcanoclastique 
syn-éruptive resédimentée de Vozdol. 
Elle afﬂeure dans la vallée de Vozdol et sur le ﬂanc sud-est du 
Mont Petrovden (Fig. 2.1). L’unité est interstratiﬁée avec la 
base de la Formation de Chelopech gréseuse à deux micas, ce 
qui montre un dépôt synchrone de ces deux formations (Fig. 
2.3b). La brèche est composée d’environs 60 à 80% en volume 
de clastes. Trois types de clastes ont été identiﬁés. Les types 
AI et AII ont une origine magmatique et sont caractérisés 
par une composition andésitique à texture porphyritique 
de phénocristaux d’amphiboles, biotite et plagioclase. Ils 
présentent communément une altération propyllitique. Les 
clastes de type B sont d’origine sédimentaire, de nature 
gréseuse et, similaire au grès à deux micas de la Formation 
de Chelopech. La matrice de la brèche est soit gréseuse, soit 
volcanique de même composition que les clastes, ou parfois 
correspond à un mélange entre les deux. Des textures de 
type pépérite révèlent une mise en place de ces brèches 
volcaniques dans des sédiments non consolidées, associées 
à des zones de brèches hyaloclastiques (Figs. 4.7). 
 Cette brèche est considérée comme un neck, reliée à 
un édiﬁce volcanique monogénique appelé volcan de Vozdol 
par Popov et Kovatchev (1996) et Stoykov et al. (2002). 
Cependant, aucune évidence d’une structure profonde n’a 
été identiﬁée durant cette étude. Une autre interprétation sur 
l’origine de ces brèches est proposée ici où la formation en 
surface de ces laves, dans un milieu aquatique peu profond, 
serait associée à la sédimentation de grès volcanogéniques.
 Cette brèche présente une altération de type 
propyllitique à quartz-séricite dans la région de Petrovden 
(Fig. 2.9) qui est similaire à celle observée dans la mine. 
(2) Les niveaux de brèches volcanoclastiques. 
Ces bancs bréchiques sont associés à la sédimentation du 
grès de Vozdol (Figs. 2.3a, 4.7i). Leur épaisseur varie entre 
1 et 1.50 m. Ils présentent un granoclassement normal. Les 
clastes sont constitués de fragments de roches magmatiques 
altérées ou fraîches. Ces niveaux peuvent être associés à des 
événements turbiditiques durant la sédimentation des grès. 
(3) La brèche syn-éruptive de Chugovista.
Elle est localisée sur le ﬂanc sud-est du synclinal de 
Chelopech. Les brèches ont été remontées par les événements 
tectoniques tardifs au dessus de la couverture sédimentaire 
Maastrichtienne. Elle présente une composition quasi 
similaire à celle de Vozdol. Des restes de lave en coussin 
sont identiﬁés, caractérisant une mise en place en milieu 
aquatique de ces brèches (Figs. 4.8). La matrice est d’origine 
volcanique et présente une intense altération propyllitique 
associée à des veines de céladonite et ilménite. 
(4) La brèche phréatomagmatique.
Cette brèche n’est observable qu’en profondeur dans la 
mine ou visible dans les forages. Cette roche est selon les 
observations de terrain et les descriptions plus anciennes, 
la plus importante en volume en profondeur qui encaisse 
la minéralisation. La brèche présente 30 à 40% en volume 
de clastes, qui reﬂètent essentiellement les compositions 
des roches avoisinantes (notamment des fragments du 
soubassement et d’andésite). La matrice est microbréchique. 
La plupart des afﬂeurements conservés montrent une 
altération à quartz-séricite, parfois argillique. La présence de 
cette brèche évoque un stade d’éruption phréatomagmatique 
durant l’histoire volcanique précédent la mise en place du 
gisement.
 Brèches hydrothermales (Tableau. 4.3)
 La classiﬁcation des brèches hydrothermales 
associées au gisement de Chelopech n’avait jamais 
été réalisée jusqu’à présent. Elle est basée à la fois 
sur la description pétrographique et sur les différentes 
minéralisations encaissées dans celles-ci. Trois types de 
brèches, reliés à des événements hydrothermaux différents 
ont été identiﬁés à Chelopech. 
(1) Les brèches d’injections hydrothermales.
 Ces brèches présentent des épontes linéaires 
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d’orientation sub-verticale. Ces brèches sont bien développées 
dans la brèche phréatomagmatique et l’intrusion andésitique. 
Elles sont essentiellement composée par approximativement 
60% de matrice, qui correspond à de la « farine de roche » 
et 40% de clastes. Elles sont affectées par une altération 
argillique avancée, parfois jusqu’au « vuggy silica ». Elles 
encaissent majoritairement des réseaux de veines primaires 
(Jacquat, 2003), ainsi qu’une dissémination importante de 
pyrite. Aucun fragment minéralisé n’a été observé dans 
cette brèche, ce qui suggère une formation précoce de ces 
brèches avant le début de la minéralisation. La formation de 
ces conduits bréchiques a probablement été favorisée par la 
présence de failles préexistantes.
(2) Les brèches hydrothermales polymictiques 
secondaires.
 Ces brèches sont constituées de fragments d’origines 
variées, minéralisés ou non, issus de tous les types de roches 
citées précédemment. Cependant elles sont plus abondantes 
dans les zones qui ne présentent pas de sulfures massifs. 
Elles sont caractérisées par des veines et de la dissémination 
de minéraux métalliques du stade économique Cu-As-S de 
Chelopech. Elles reﬂètent le caractère pulsatif du système 
hydrothermal, marqué par la présence de clastes de veines à 
enargite et tennantite reprises par la brèche.
(3) Les brèches minéralisées secondaires.
 Ces brèches sont déﬁnies par une matrice 
entièrement minéralisée par le stade économique (Cu-As-S) 
et sont abondamment développées dans les zones de sulfure 
massif. 
Modèle d’évolution des brèches hydrothermales
 Les relations spatiales et temporelles des brèches 
hydrothermales avec d’une part les roches encaissantes et 
d’autre part les différentes minéralisations, nous ont permis 
d’établir un modèle expliquant leurs développements (Figs. 
4.11). La présence de failles, la rhéologie initiale des roches 
encaissantes, les variations d’intensité du ﬂux hydrothermal, 
la position géographique par rapport au centre de l’apport 
de ﬂuides et la composition des ﬂuides hydrothermaux 
contrôlent la formation et le développement des conduits de 
brèches. Les brèches de Chelopech se sont formées en trois 
stades :
 Stade 1 de la formation des brèches: 
-Formation des brèches d’injection hydrothermale 
essentiellement dans la brèche phréatomagmatique altérée et 
les corps andésitiques sub-volcaniques altérés préexistants 
(Figs. 4.11a, b). Elles sont associées à la dissémination de 
pyrite et le développement des veines précoces à pyrite ou 
calcédoine, probablement lié au premier stade Fe-S de la 
paragénèse minérale de Chelopech.
-Développement des zones de sulfure massif (essentiellement 
de la pyrite) dans les tufs volcaniques et les roches 
carbonatées associées (Fig. 4.11c).
 Stade 2: 
-Formation des brèches hydrothermales polymictiques 
secondaires, développées aussi bien dans les conduits 
antérieurs des brèches d’injection ou dans les zones de 
sulfure massif (Figs. 4.11d, e).
-La composition des clastes dépend de la roche encaissante 
fracturée.
-Le développement de veines est lié au stade économique, 
canalisées par les conduits bréchiques.
 Stade 3: 
-Formation des brèches secondaires minéralisées par 
remplacement de la matrice des brèches polymictiques, 
souvent développées à partir de veines minéralisées du stade 
économique (Figs. 4.11f, g).
-Développement de brèches minéralisées dans les zones de 
sulfure massif (Fig. 4.11h).
Nouvelles données pétrologiques, 
géochimiques et géochronologiques des 
roches magmatiques de Chelopech
 Dans cette étude, seules les roches magmatiques 
directement reliées au gisement ont été analysées et datées 
(Fig. 5.2). 
Pétrologie et Géochimie 
 Les roches non altérées présentent une texture 
porphyritique avec une mésostase microlithique. Les 
phénocristaux sont le plagioclase (~48%, An
30-60
) et 
l’amphibole (~20%), accompagnés par  des minéraux 
accessoires comme la biotite (~2%), l’apatite (~2%), la 
titanite (~1%) et la magnétite (Figs. 5.3a, b). La mésostase 
est composée de plagioclase, de quartz et plus ou moins 
d’amphibole, ﬁnement cristallisés. Les textures magmatiques 
sont bien préservées, bien que la minéralogie magmatique 
initiale ait été complètement modiﬁée durant l’altération. 
 Les analyses sur les roches fraîches et altérées 
ont été réalisées dans le but de déterminer le caractère 
géochimique des roches ainsi que les modiﬁcations de 
compositions engendrées par l’altération. Nous avons 
comparé les compositions des roches fraîches à celles des 
roches altérées en utilisant les éléments majeurs et les 
éléments en trace dont les Terres rares. 
Les éléments majeurs des roches magmatiques non altérées 
suggèrent une composition andésitique, avec des teneurs en 
silice variant de 58 à 66 % poids. La circulation de ﬂuides 
hydrothermaux à travers les roches  engendre une diminution 
des teneurs en CaO et Na
2
O et une augmentation des teneurs 
en K
2
O (Fig. 5.4). Les rapports en éléments immobiles Nb/Y 
par rapport à Zr/TiO
2 
(Fig. 5.5b) montrent une composition 
andésitique homogène des roches fraîches et altérées, aussi 
bien en surface, que dans la mine. L’intrusion sub-volcanique 
de Petrovden montre une composition dacitique. 
 Les andésites, dacites et tufs volcaniques analysés 
présentent tous des spectres, normalisés par rapport 
aux chondrites, enrichis en Terres rares légères. Aucune 
anomalie négative en Eu n’est observée (Fig. 5.6). Dans les 
diagrammes des éléments en trace normalisés par rapport 
au MORB, les andésites fraîches montrent des anomalies 
négatives en LILE (Sr, K, Rb, Ba) et HFSE (Nb, Ti, Zr), 
caractéristiques d’un volcanisme d’arc (Fig. 5.6). Les 
andésites et dacites altérées sont appauvries en Sr et P par 
rapport à leurs équivalents frais. 
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Âges des roches magmatiques de Chelopech
 Trois échantillons de roches magmatiques 
caractéristiques de l’environnement volcanique de 
Chelopech ont été datés par la méthode U-Pb sur monograin 
de zircon à l’ETH-Zurich. Il s’agit d’une unité andésitique 
fortement altérée en surface, située à l’aplomb de la mine 
(Fig. 5.2), d’un corps sub-volcanique intrusif qui encaisse 
directement la minéralisation dans la mine et d’une dacite 
provenant de Petrovden.
 Les zircons de l’andésite de surface analysés 
donnent un âge concordant U-Pb de 92,21 ± 0,21 Ma, 
interprété comme l’âge de mise en place des roches 
volcaniques (Fig. 5.10). 
Les zircons du corps sub-volcanique andésitique en 
profondeur, dans lequel l’altération et la minéralisation se 
sont développées, donnent un âge U-Pb de 91,45 ± 0,15 Ma 
(Fig. 5.12). Cet âge est considéré comme l’âge de mise en 
place de l’intrusion et est interprété comme l’âge maximum 
du gisement de Chelopech.
 L’unité dacitique de Petrovden, contrairement aux 
deux autres échantillons, présente plusieurs générations de 
zircons. Un âge moyen U-Pb concordant à 91,95 ± 0,28 Ma 
est interprété comme l’âge du dôme dacitique (Fig. 5.11). 
Deux âges discordants à 469,6 +9,9/-9,6 Ma et 313,4 ± 1,6 
Ma, mesurés sur zircons du même échantillon, suggèrent 
une assimilation de matériel crustal paléozoïque.
Etude des isotopes de Hf
 Le tableau. 2 résume les principaux résultats 
des mesures des rapports isotopiques 176Hf/177Hf dans 
chaque zircon daté par la méthode U-Pb, mentionné dans 
le paragraphe précédent. La dacite de Petrovden présente 
de nombreuses différences par rapport aux andésites de 
Chelopech (Tableau. 2).
Tableau. 2. Différences entre la dacite de Petrovden et les andésites de Chelopech.
  Petrovden    Chelopech
Composition Dacite, dôme    Andésite, lave et intrusion sub-volcanique
εHf
T90Ma
  -5.84 → 4.32    0.04 → 1.06
Type de   Composante mantellique    Mélange de source crustal et mantellique
signature + assimilation crustal
Ages (U/Pb) 91.95 ± 0.28 Ma    92.21 ± 0.21→91.45 ± 0.15 Ma
Evolution du magmatisme de Chelopech et 
relations avec le porphyre cuprifère d’Elatsite
 Les roches magmatiques de la région de Chelopech 
présentent une composition relativement homogène, 
caractéristique d’un environnement tectonique d’arc. 
Cependant deux sources magmatiques semblent être à 
l’origine des rapports isotopiques observés. En effet les 
roches constitutives du dôme dacitique de Petrovden ont 
une source avec une forte composante mantellique (εHf
T90Ma
 
= 4.32), mais les εHf
T90Ma
 (-5.84) des zircons hérités 
suggèrent une composante crustale. Similairement, les 
andésites de Chelopech, aussi bien en surface que dans la 
mine, présentent des  εHf
T90 
≈ 1 homogènes. Ces signatures 
isotopiques suggèrent un mélange entre un magma issu 
d’une croûte continentale jeune et un magma d’origine 
mantellique. 
 Plusieurs auteurs relient le gisement épithermal de 
type « high-sulﬁdation » de Chelopech au porphyre cuprifère 
d’Elatsite, localisé au nord-ouest de Chelopech (Dragov et 
Petrunov, 1996 ; Popov et al., 2000 ; Strashimirov et al., 
2002).
 L’étude de Von Quadt et al. (2002) sur les roches 
intrusives associées au porphyre cuprifère d’Elatsite montre 
également une source mantellique avec une assimilation de 
croûte (Fig. 5.13), comme cela est observé dans le cas de la 
dacite de Petrovden. Les roches magmatiques encaissantes 
des gisements de Chelopech et d’Elatsite semblent donc 
avoir des sources magmatiques différentes, marquées par 
une diminution de l’apport mantellique dans le magma du 
nord au sud (Elatsite vers Chelopech) sur la même période 
de temps. Ceci suggère que les intrusions de la région de 
Chelopech sont issues de deux sources distinctes ou d’une 
source mais montrant deux évolutions distinctes, au cours 
de la même période. 
 Le magmatisme de Chelopech s’est mis en place 
entre 92,4 et 91,3 Ma. Ces nouveaux âges sont en accord 
avec les âges récemment déterminés sur l’ensemble de la 
région par Stoykov et al. (2004) (Fig. 5.14).  Cependant 
ces derniers auteurs suggèrent que le dôme dacitique de 
Petrovden soit le premier événement magmatique de la 
région. Notre étude montre que des unités andésitiques plus 
anciennes datées à 92,21 ± 0,21 Ma chevauchent le corps 
sub-volcanique andésitique qui encaissent la minéralisation 
daté à 91,45 ± 0,15 Ma, et sont donc plus anciennes que le 
dôme de Petrovden. 
 L’andésite qui encaisse la minéralisation de 
Chelopech, datée à 91.45 ± 0.15 Ma, est le plus jeune 
événement magmatique pré-minéralisation enregistré et 
détermine un âge maximum pour le gisement de Chelopech. 
Stoykov et al. (2004) donnent un âge de 91,3 ± 0,3 Ma 
pour les brèches syn-volcanique de Vozdol qui recouvrent 
le gisement de Chelopech, qui sont considérée par Popov 
et Kovatchev (1996) et Stoykov et al. (2004) comme la 
ﬁn du magmatisme de Chelopech et ainsi déﬁnissent un 
âge minimum du gisement. Cette brèche est interstratiﬁée 
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avec les grès volcanogénique à deux micas de la Formation 
de Chelopech et daté par Stoykov et Pavlishena (2003) 
comme turonien, ce qui suggèrent aussi un âge Turonien 
pour la brèche syn-volcanique de Vozdol, en accord avec 
les datations U-Pb. Cette brèche caractérise le dernier 
événement magmatique de la région de Chelopech. 
Cependant du fait que cette brèche soit interstratiﬁée avec les 
grès volcanogénique à deux micas, cela sous entends que sa 
mise en place a été lente associé au temps de sédimentation 
des grès. Il faut donc probablement considérer cette brèche 
comme plusieurs unités volcano-sédimentaires, ainsi l’âge 
de 91,3 ± 0,3 Ma obtenu par Stoykov et al. (2004) ne 
représente qu’un age d’une de ces formations, et de plus 
amples descriptions de cette brèche sont nécessaires. De 
plus notre étude (cf. Chapitre IV) montre que cette brèche 
est altérée dans la région de Petrovden. L’âge de 91,3 ± 0,3 
Ma ne déﬁni un âge minimum du gisement de Chelopech 
seulement si l’altération de Petrovden n’est pas relié au 
système hydrothermale de Chelopech dans ces conditions 
une durée de 600 000 ans peut être proposé pour la durée 
du système hydrothermal de Chelopech. Si ces deux zones 
d’altérations sont issues du même événement hydrothermal, 
alors la brèche syn-volcanique de Vozdol peut être considérée 
comme associée à l’un des dernier événement magmatique 
mais ne marque pas la ﬁn de l’activité hydrothermale de la 
région.
 Les datations U-Pb récentes sur les roches 
magmatiques associées au gisement d’Elatsite (Von Quadt 
et al., 2002) montrent la  minéralisation du porphyre 
cuprifère s’est développée entre 92,1 ± 0,3 et 91,84 ± 0,31 
Ma. L’âge maximum de la minéralisation de Chelopech est 
de 91,45 ± 0,15 Ma. Il semblerait que ces deux gisements se 
soient formés pendant le même épisode magmatique même 
si la formation du gisement de Chelopech semble être plus 
récente. 
Evolution des ﬂuides minéralisateurs du 
gisement de Chelopech
 Dans le but de caractériser la nature des ﬂuides 
minéralisateurs du gisement de Chelopech, nous avons 
entrepris une étude des isotopes stables d’oxygène et 
de deutérium sur les minéraux d’altération. Nous avons 
également comparé ces compositions isotopiques aux 
gisements épithermaux de type « high-sulﬁdation » situés 
ailleurs dans le monde. 
Etudes des isotopes stables d’oxygène et 
d’hydrogène (Fig. 6.7)
 Les analyses isotopiques d’oxygène sur le quartz 
d’altération montrent des variations du δ18O
quartz
 entre 11,9 
et 14,2 ‰ pour les zones d’altération à quartz sericite et 
entre 12,01 et 16,6 ‰ pour les zones d’altération argillique 
avancée. Cela suggère une légère augmentation des valeurs 
du δ18O
quartz
 avec l’intensité de l’altération. 
 Les compositions isotopiques des argiles (kaolinite 
et dickite) associées aux différents stades de la paragénèse 
minérale varient entre 9,9 et 12,5 pour mille pour l’oxygène 
des argiles du stade I et entre -30 et -50 ‰ pour le deutérium. 
Les argiles du stade II et III varient entre 12,0 et 16,3 pour 
mille pour l’oxygène et entre -36 et -44 ‰ pour le deutérium. 
Les veines de dickite tardives montrent des compositions 
isotopiques variant entre 11,7 et 13,4 ‰ pour l’oxygène et 
entre -35 et -39 ‰ pour le deutérium. 
 La composition en isotopes d’oxygène des andésites 
varie entre 10,0 et 10.8 ‰ pour les roches fraîches et entre 
10,2 et 12,2 ‰ pour les roches altérées. De plus, on observe 
une corrélation positive entre la valeur du δ18O
roche totale 
et 
l’intensité de l’altération. De la même façon la composition 
isotopique des tufs volcaniques varie entre 11,3 et 16,4‰.
Origine des ﬂuides
 En utilisant les équations d’équilibres isotopiques 
minéral-ﬂuide à 200°C et 250°C, nous avons recalculé les 
compositions isotopiques des ﬂuides à l’équilibre avec chaque 
stade de la paragénèse (Figs. 6.10a, b). Malheureusement 
nous n’avons put établir avec certitude les températures 
associées au dévelopement de l’altération et de la séquence 
paragénétique. Si on considère un température stable autour 
de 200°C, on peut noter que le δ18O
ﬂuide
 varie de 4,5 à 11 
‰, alors que le δD
ﬂuide 
reste relativement constant (~-20‰) 
au cour de l’évolution minéralogique. Ces variations sont 
interprétées comme le résultat d’un mélange entre des 
ﬂuides d’origine météorique et des vapeurs volcaniques. 
De plus, on remarque que le pourcentage d’eau météorique 
dans le système diminue entre les stades d’altération 
précoce (quartz-séricite) et les stades minéralisateurs (I, 
II, III). Les ﬂuides en équilibre avec les argiles de gangue 
sont quasi exclusivement des vapeurs volcaniques. Les 
veines de dickite tardives montrent à nouveau, comme les 
stades précoces d’altération, une composition des ﬂuides 
à l’équilibre, correspondant à un mélange entre des eaux 
météoriques et des vapeurs volcaniques. 
 Inversement si l’on considère une baisse de 
température de 250°C à 200°C pendant l’évolution de 
Chelopech, du premier stade d’altération au dernier épisode 
minéralisateur, on peut considérer que l’altération et la 
minéralisation sont exclusivement produites par des ﬂuides 
d’origine volcanique.
 Comme l’eau météorique crétacé supérieure montre 
une composition isotopique en deutérium proche du champ 
déﬁni pour les vapeurs volcaniques (Giggenbach, 1992), 
il n’y a pas de fractionnement signiﬁcatif des isotopes de 
deutérium durant le mélange des ﬂuides.
Une telle évolution des compositions isotopiques des ﬂuides 
est caractéristique des gisements épithermaux de types 
« high-sulﬁdation » (Fig. 6.12 ; Rye, 1993 ; Arribas, 1995 ; 
Hedenquist et al., 2000). 
Nouveau modèle d’évolution du gisement 
épithermal de type high-sulﬁdation de 
Chelopech
 La subduction oblique de la plaque sud sous la 
plaque européenne à la ﬁn du Crétacé supérieur engendre 
un magmatisme d’arc favorisé par un contexte tectonique 
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général en transtension. Ce système tectonique favorisé 
par des failles en strike-slip dextres, provoque la formation 
de bassins sédimentaires dans lesquels une sédimentation 
détritique associée au volcanisme se met en place. La présence 
de niveaux pyroclastiques à ponce et lapilli accrétionnés, 
interstratiﬁés avec des roches carbonatées oolithiques et 
bioclastiques suggère un contexte d’environnement côtier 
lors de la mise en place du volcanisme de Chelopech. En 
profondeur, la présence d’eau météorique drainée par  les 
failles provoque une explosion au contact du magma, 
générant la brèche phréatomagmatique, dans les roches 
du soubassement, les grès turoniens et des intrusions 
andésitiques sub-volcanique plus anciennes (92,21 ± 
0,21 Ma). A 91,45 ± 0,15 Ma, l’intrusion andésitique qui 
encaissera une partie de la minéralisation future, se met en 
place dans la brèche phréatomagmatique (Fig. 4.13a). 
 Durant 600 000 ans le système hydrothermal se 
met en place, si on considère l’âge de Stoykov et al. (2004) 
comme étant l’âge minimum de la minéralisation.
 L’étude des isotopes stables a permis de mettre en 
évidence la participation majeure de vapeurs volcaniques 
à l’origine de l’altération hydrothermale du gisement 
de Chelopech. En remontant les vapeurs volcaniques 
se mélangent aux eaux météoriques inﬁltrées à travers 
le système de failles, ou à une nappe phréatique. Ceci 
provoque une oxydation du SO
2
 volcanique en H
2
S et 
H
2
SO
4
, acidiﬁant les ﬂuides, caractéristique de l’évolution 
des ﬂuides dans les systèmes épithermaux de type « high-
sulﬁdation ». Cette circulation des ﬂuides acides et oxydants 
engendre un lessivage des roches encaissantes, aboutissant 
à une altération argillique avancée voire à du « vuggy 
silica » dans les zones de circulations hydrothermales les 
plus intenses (Fig. 4.13b). Ce stade d’intense altération 
est suivi de la précipitation de sulfures essentiellement de 
la pyrite sous forme disséminée. Cette dissémination de 
pyrite peut être très abondante dans les tufs volcaniques et 
les lits de roches sédimentaires associées, et ainsi pouvant 
aboutir au remplacement totale de la roche pour former 
des lentilles de sulfures massifs. Une augmentation de la 
proportion de vapeur volcanique dans le mélange avec 
l’eau météorique pouvant être liée à une augmentation 
du ﬂux de ﬂuides magmatiques ce qui expliquerait le 
développement des brèches hydrothermales d’injection, ou 
à une imperméabilisation des zones externes du système 
caractérise le stade économique de la minéralisation. 
 Le stade II consiste en une précipitation d’enargite, 
luzonite, tennantite, chalcopyrite et bornite, et est associé 
au développement des brèches secondaires polymictiques et 
minéralisées. Ce stade est probablement lié à une diminution 
de la fS
2
, expliquée par la précipitation des sulfures et/ou 
une perte de H
2
S et H
2
 dans la phase vapeur, provoquant la 
précipitation du stade III de la paragénèse minéralogique.
 Le dernier stade de développement du système 
hydrothermal est caractérisé par une augmentation de la 
proportion d’eau météorique dans le système, due à une 
diminution de la pression hydrostatique magmatique.
 Les roches magmatiques et par conséquent les 
zones minéralisées ont été transgressivement recouvertes 
par une sédimentation côtière dans un bassin d’extension 
de type «pull-apart» où se sont probablement également 
mis en place les brèches volcanogéniques syn-volcanique et 
resédimentées de Chugovista et Vozdol. Ces dépôts peuvent 
probablement être considéré comme un remplissage 
volcano-sédimentaire du cratère phréatomagmatique (Fig. 
4.13c). Ces unités sont recouvertes de façon discordante lors 
d’une transgression marine par les Formations de Mirkovo 
et Chugovista au Maastrichtien.
 Un changement de l’orientation des contraintes 
tectoniques engendre au Tertiaire une transition entre un 
régime transtensif senestre à un régime transpressif dextre 
(Fig. 3.10b). Cette étape induit la fermeture du bassin «pull-
apart» de Chelopech et le chevauchement essentiellement 
vers le nord d’unités plus anciennes, par la réactivation 
des failles bordières du bassin, associé à la formation de 
plis dans la couverture sédimentaire et la destruction de la 
géométrie initiale du gisement (Fig. 4.13d). Le régime de 
contrainte actuel est à nouveau considéré comme transtensif 
dextre, comme dans tout le district de Panagyurishte. Cette 
nouvelle étape est associée au développement de horsts et 
graben orienté ~N100 dans le district.
Conclusions
 La nature des assemblages minéralogiques, de 
l’environnement volcanique et structurale du gisement de 
Chelopech est caractéristique d’un gisement épithermal 
de type « high-sulﬁdation » et non de « volcanic-hosted 
massive sulﬁde » comme proposé par le passé. 
Notre étude permet d’établir la forte inﬂuence des différentes 
lithologies lors de la mise en place de la minéralisation. 
De plus l’étude structurale du gisement de Chelopech 
a mis en évidence le contrôle par des failles des ﬂuides 
minéralisateurs. 
Le magmatisme de Chelopech à l’origine de la minéralisation, 
bien que formé à la même époque que les dykes reliés au 
porphyre cuprifère d’Elatsite, ne semble pas avoir la même 
source ou la même évolution que ceux-ci, et ne peut donc 
être directement relié à Chelopech. 
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Introduction
 The research presented below was initiated 
to clarify a controversy about the origin of the Cu-Au 
Chelopech deposit, Bulgaria, a volcanic hosted massive 
sulﬁde deposit or a high-sulﬁdation epithermal deposit.
 Several authors have proposed different origins for 
the formation of the Chelopech deposit and similar deposit 
types of the Panagyurishte mineral district, Bulgaria: a 
typical volcanic massive sulﬁde (VHMS) origin, overprint 
of different hydrothermal events, and an epithermal high-
sulﬁdation origin. 
 Dimitrov (1960) describes the ore deposits 
as epigenetic, formed by replacement and open space 
deposition processes, and interpreted them as epithermal 
to mesothermal deposits genetically linked to porphyry-Cu 
deposits of the Panagyurishte area. Bogdanov (1984); based 
on observations which show that massive pyrite fragments 
from the early paragenetic stage were set in a volcanic tuff 
matrix, suggested that early massive pyrite zones were 
synchronous with the volcanic activity and sedimentation 
in Late Cretaceous basins, and were followed by late Cu-
polymetallic mineralization. Furthermore, the author 
proposed, on the basis of K-Ar dating (Chipchakova and 
Lilov, 1976), that the Panagyurishte porphyry-Cu deposits 
post-date Cu-Au hydrothermal ores and associated volcanic 
rocks.
 Petrunov (1995) and Mutafchiev and Petrunov 
(1996) recognized the high-sulﬁdation character of the 
Chelopech mineralization and alteration assemblages. The 
authors proposed a model with superposed hydrothermal 
events.  They suggested that the early massive sulﬁde ore 
was formed in a submarine environment, like a typical 
VHMS deposit, followed by uplift of the volcanic ediﬁce 
and the development of the high-sulﬁdation ore in an aerial 
setting, overprinting the massive sulﬁde mineralization. 
They classiﬁed the Chelopech deposit as a volcanic-hosted 
epithermal deposit of high-sulﬁdation type.
 Based on the recent genetic model of high-
sulﬁdation epithermal deposits (Hedenquist and Lowenstern, 
1994; Arribas, 1995; Hedenquist et al., 2000; Sillitoe and 
Hedenquist, 2003) recent contributions interpreted the Cu-Au 
hydrothermal deposits of the Panagyurishte mineral district 
as high-sulﬁdation epithermal deposits, genetically related 
with Panagyurishte porphyry-Cu deposits (Strashimirov et 
al., 2002; Moritz et al., 2004).
 This study is a contribution to the ABCD-GEODE 
(Alpine-Balkan-Carpathian-Dinaride, Geodynamic of Ore 
Deposits) research program supported by the European 
Science Foundation. It was realized in collaboration with 
colleagues of the Institute of Isotope Geology and Mineral 
Resources at the ETH-Zurich (research group of Prof. 
Christopher Heinrich and Dr. Albrecht Von Quadt). 
 This particular research was realized in 
collaboration with Dr Rumen Petrunov of the Geological 
Institute of the Bulgarian Academy of Sciences and his PhD 
student Silvina Georgieva who focused their studies on the 
alteration mineralogy of the Chelopech deposit, Dr Stanislav 
Stoykov (Geological Institute of the Bulgarian Academy of 
Sciences, now at the University of Mining and Geology, 
Soﬁa, Bulgaria), who studied the petrology, geochemistry 
and geochronology of the Chelopech magmatic rocks on a 
regional scale, and Stéphane Jacquat (MSc thesis, University 
of Geneva) who studied the paragenetic sequence of the ore 
and the isotope geochemistry of barite at Chelopech.
 In coordination with the other studies, this 
investigation was oriented around four principal directions:
-The detailed geological context of the Chelopech deposit
 Detailed mapping of the Chelopech surface and 
underground area were realized, coupled with a detailed 
structural study with the aim to constrain the Chelopech 
volcanic and sedimentary structural environment and actual 
geometry of the Chelopech system.
-The different controls on the mineralization and the 
hydrothermal development
 Petrographical studies of both unmineralized, 
fresh and altered magmatic and sedimentary rocks, and 
their relationship with the geometry of the mineralization, 
have been done to produce a coherent genetic model for 
the Chelopech mineralization. A speciﬁc approach on the 
different breccia types, including volcanic and hydrothermal 
breccia, was developed with the aim to offer a classiﬁcation 
of hydrothermal breccias for the Chelopech deposit, to 
characterize the evolution of the Chelopech volcanism 
and the control of the host rocks on the emplacement of 
hydrothermal breccia and associated mineralization.
-The relationship of the Chelopech deposit with the 
Panagyurishte mineral district deposits, in particular the 
nearby Elatsite porphyry-Cu deposit
 Geochemical and geochronological investigations 
were made on fresh and altered magmatic rocks, speciﬁcally 
on host rocks of the mineralization in the Chelopech area, 
to determine the petrological character of the Chelopech 
magmatism and the relationship with the geological and 
metallogenic evolution of the Panagyurishte mineral 
district.
-The origin and nature of the mineralizing ﬂuids
 Stable isotopes analyses on alteration minerals of 
the different paragenetic stages were realized with the aim 
to characterize the origin and the nature of the hydrothermal 
ﬂuids, and to link these ﬂuids with the evolution of the 
Chelopech volcanism. 
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This PhD thesis is divided into seven chapters. 
Chapter I and II are general introductions to the regional 
and local geological context of the Chelopech deposit, 
respectively;
Chapters III to VI are independent and are subdivided 
according to the four approaches of the Chelopech study, 
described above; 
Chapter VII presents a ﬁnal discussion and conclusions.
 This study, started in September 2000, was realized 
with the support of the Swiss Science Foundation through 
the research grants 21-59041.99 and 200020-101853 and 
coordinated with the SCOPES Joint Research Project 
7BUPJ62276.00/1. 
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Chapter I 
Regional geological context
Bulgarian geology
 The domain of Bulgaria is one part of the Mediterranean segments and the Eurasian plate of the Alpine-Himalayan 
orogen. The morphotectonic units of Bulgaria present an East-West orientation and are bound by deep-seated faults (Bončev, 
1971).
Fig. 1.1. Geological map of Bulgaria (after Ivanov, 1988).
I-16
Chapter I
  The main units from north to south (Fig. 1.1) are: 
the Moesian platform, the Balkanides subdivided into the 
Prebalkan and the Stara Planina Mountains (or Balkans 
S.S.), the Srednogorie belt, and the Rhodope Massif 
(Ivanov, 1988). The Moesian platform was described as an 
epihercynian platform composed of Mesozoic and Cenozoic 
units, covering a metamorphic Caledonian-Hercynian 
basement. The limit of the Balkanides is deﬁned by the 
overthrusts from south to north, the Berkovitsa Fault in the 
western part and the Stara Planina Fault in the eastern part. 
The Prebalkan consists of folded Mesozoic and Cenozoic 
sedimentary rocks, contrary to the Stara Planina which is 
the main folded belt in Bulgaria, and represents the range of 
the Balkans.  
 The Srednogorie belt is a structurally complex 
province, composed mainly of sedimentary and volcanic 
rocks of an Upper Cretaceous succession (Strashimirov and 
Popov, 2000). The Srednogorie belt is separated from the 
Rhodope Massif by the Maritsa deep fault. Metamorphic 
terrains, intruded by granitic batholiths and magmatic series 
with associated volcanic successions, compose the Rhodope 
Massif. Recent interpretations (Ivanov, 1988; Bonev et al., 
1995; Burg et al., 1996; Ricou et al., 1998; Ivanov, 2000) link 
the evolution of the Rhodope Massif to a post-collisional 
stage of the Alpine-Himalayan orogen.
 These morphotectonic provinces were formed 
during the late Alpine orogenic movements. The cross 
section of Bulgaria (Fig. 1.2) shows the present-day 
relationships among these principal tectonic units. 
Srednogorie BeltRhodope Massif
Luda Kamchija
zone Stara Planina
Pre-Balkan
Moesian
Plateform
Fig. 1.2. Cross section showing the principal tectonic units of Bulgaria (after Ivanov, 1988).
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Sakar-Strandza unit
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Upper Eocene and Oligocene rocks
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Fig. 1.2. Cross section showing the principal tectonic units of Bulgaria (after Ivanov, 1988).
Alpine evolution of Bulgarian units
 The tectonic evolution of the eastern Mediterranean 
units is directly related to the Tethys closure (Hsü et al., 1977). 
Ricou et al. (1998) described a model for the evolution of 
different Bulgarian and Greek units from the Late-Triassic 
to the present day on a general scale (Fig. 1.3).
  Dabovski et al. (1991) proposed a model for 
the magmatic evolution in Bulgaria, genetically related 
to different stages of the evolution of the Eurasian plate 
margin. This model describes the region as a Himalayan 
type collisional system, composed of three tectonic units: 
a principal overthrusting belt (the Hellenids), one plateau 
(the Rhodope and the Srednogorie) and a backthrusting 
belt (the Balkanides). The Alpine evolution started during 
the Triassic with an embryonal intracontinental rift. This 
stage was followed by subduction of oceanic crust below 
the margin from the Triassic to the Late Cretaceous. The 
Srednogorie magmatism started during this stage. The 
evolution continued with the collision between Eurasia and 
the Apulian promontory of Africa, and ﬁnished at the end of 
the Paleogene by post-collisional intraplate splitting. 
 Ivanov (1988) distinguishes three stages: The 
pre-collisional stage, from the Late Cretaceous to the 
Paleogene, this stage is linked to the Srednogorie volcanic 
arc development and the formation of an epicontinental 
domain (Stara Planina and Prebalkan units). The Srednogorie 
magmatism is the result of the oceanic subduction of the 
African plate beneath the Eurasian plate. The collision 
event, which probably ﬁnished at the end of the Lutetian, 
corresponds to the Rhodope Massif formation. Some 
of the northern thrusts are formed in the external part of 
the Balkanides. The Late Eocene to Early Miocene post-
collisional stage is characterized by arc magmatism in the 
Rhodope Massif. 
I-17
Chapter I
Late Triassic
Mid-Late Jurassic
Jurassic-Cretaceous turn
Early Cretaceous
Late Cretaceous
Paleocene
Olympos
Olympos
Olympos
Olympos
Olympos
Drama
Drama
Drama
Drama
Vardar
Vardar
Vardar
Vardar
olistostromes
Pindos
Pindos
Pindos
Pindos
Pindos
Pindos
nappes
Rhodope
Rhodope
Vardar
nappes
SrednogorieAfrica
Africa
Africa
Strandza Balkan
Pelagonian
PelagonianEast. Med.
East. Med.
East. Med.
Lonian
Obduction
Pelagonian
Pelagonian
passive
margin
active
margin
ridge
inversion black shale basin
major
convergence
arc magmatism
ends
Metamorphic
wedge
initiates
thrust and dextral strike-slip
East.Med.
spreading
new East.Med.
spreading
Late Jurassic reorganisation of plate boundaries
Late Cretaceous reorganisation of plate boundaries
Mid-Jurassic initiation of Africa-Balkan convergence
Oligocene; Africa-Balkan convergence slows down
Permian-Triassic megashear: Africa-Balkan divergence
1000 km
Skewed sections due to Jurassic to Present oblique convergence
Fig. 1.3 The Vardar and Rhodope Mesozoic history in its Tethysian context (after Ricou
et al., 1998).
S N
Fig. 1.3. The Vardar and Rhodope Mesozoic history in its Tethysian context (after Ricou et al., 1998).
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The Banat-Timok Srednogorie belt
 As described above, the Banat-Timok Srednogorie 
belt is part of the Tethyan-Eurasian metallogenic belt which 
was formed during Mesozoic and post-Mesozoic times in 
convergent plate zones, between the southern margin of 
the Eurasian, and Afro-Arabian and Indian plates to the 
south, during the Alpine-Himalayan orogeny. Along this 
suture, there are abundant calc-alkaline magmatic centers 
which reﬂect the geometry of the collision interface. This 
study is focused on the Bulgarian part of the Banat-Timok-
Srednogorie belt, extending from Romania through Serbia to 
Bulgaria (Fig. 1.4; Jankovic, 1997; Heinrich and Neubauer, 
2003).
Fig. 1.4. Simpliﬁed tectonic map showing the distribution of the principal ore deposit zones in the Balkan-Carpathian-Dinaride region. Three 
mineralized belts are developed with calc-alkaline magmatism of Late-Cretaceous to Miocene age (after Heinrich and Neubauer, 2002).
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 The result of successive collisional stages is not 
only the formation of a continental orogeny associated with 
the closure of the Tethyan Ocean but also overthrusting 
of belts followed by orogenic collapse, lateral extrusion, 
exhumation of metamorphic core complexes and post-
collisional magmatism connected to strike-slip or normal 
faulting (Berza et al., 1998). Several authors proposed that 
the calc-alkaline magmatism and ore deposits were directly 
linked to the subduction of the Tethyan oceanic crust 
(Boccaletti et al., 1974, Ricou et al., 1998) and followed by 
volcano-plutonic complexes during the collision (Jankovic, 
1997). Recent studies on magmatic rocks along the Banat-
Srednogorie belt show a typical subduction related calc-
alkaline magmatism (Dupont et al, 2002; Stoykov et al., 
2002). Four magmatic trends were described in the Banat-
Srednogorie metallogenic belt: tholeiitic, calc-alkaline, 
high-K calc-alkaline and shoshonitic (Berza et al., 1998). 
 The Late Cretaceous magmatic evolution in 
Bulgaria results in the formation of the Srednogorie volcano 
intrusive zone (SVIZ), which is the result of an island arc 
volcanism (Boccaletti et al., 1974, 1978) or a rift volcanism 
(Popov, 1987) or a back-arc subduction-related system 
(Lips, 2002; Neubauer et al., 2003). 
 Three volcanic intrusive zones were subdivided 
on the basis of the character of the basement, thickness of 
the crust, regional geophysical ﬁeld contrasts, composition 
of rocks and petrological characteristics: the western, 
the central and the eastern Srednogorie zones (Fig1.5). 
Longitudinal petrochemical zoning is revealed by an increase 
of the magmatic rock volume and increasing basicity and 
alkalinity from the western to the eastern parts.
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Fig. 1.5. Bulgarian part of the Srednogorie Belt (after Dabovski, 1980).
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Fig. 1.5. Bulgarian part of the Srednogorie Belt (after Dabovski, 1980).
 The metallogenic characteristics of the Srednogorie 
belt, as a copper province, result from the geotectonic 
situation and the Cretaceous calc-alkaline magmatism. The 
subduction-related setting is a favorable environment for 
the formation of porphyry copper deposits, epithermal gold 
deposits (Sillitoe and Hedenquist, 2003), skarn deposits (Fe, 
Pb, Zn) and Pb-Zn replacement deposits (Fig. 1.4, Jankovic, 
1997). Essentially, porphyry-Cu and associated high-
sulﬁdation epithermal deposits represent the economically 
most signiﬁcant metallic resources of the belt (Heinrich and 
Neubauer, 2002).
 -Porphyry-Cu deposits: (Au)
They are associated with subvolcanic to hypabyssal 
intrusions. The mineralization is developed around the 
intrusion within the country rock. The major deposits 
are Majdanpek (Bor district, Serbia), Medet and Elatsite 
(Panagyurishte district, Bulgaria), Rosia Poieni, Valea Morii 
(Apuseni Mountains, Romania). 
 -High-sulﬁdation epithermal deposits:
They are hosted by volcanic rocks, in a near (sub)-surface 
environment. They were also called replacement deposits 
with massive sulﬁdes (Jankovic, 1977), massive sulﬁde 
deposits (Bogdanov, 1987) and hydrothermal volcanogenic 
deposits (Jankovic, 1997). These deposits are generally 
associated to porphyry-Cu deposits. Nowadays, most 
of the authors agree on an epigenetic origin for the Cu-
Au economic mineralization. The principal deposits are 
Bor (Bor district, Serbia), Chelopech, Radka and Elshitsa 
(Panagyurishte district, Bulgaria).
 -Cu-skarn deposits:
There are mostly associated with porphyry-copper deposits, 
example Veliki Krivelj (Bor district, Serbia; Sacarimb, 
Romania).
Panagyurishte volcano-tectonic corridor
 The Panagyurishte volcano-tectonic mineral 
district is located about 60 km east of Soﬁa in the Central 
Srednogorie Zone (Fig. 1.6). The Panagyurishte mineral 
district is deﬁned by a NNW alignment of porphyry-
copper and epithermal Cu-Au deposits, which is oblique 
with respect to the E-W orientation of the Srednogorie 
belt in Bulgaria. It represents 95% of the Bulgarian copper 
production (Strashimirov et al., 2002). There are small gold, 
barite, lead-zinc and manganese deposits and occurrences 
too, as well as alluvial gold placers, which were exploited in 
ancient times.
Geology
 The main features of the geology of the 
Panagyurishte ore district are determined by the Late 
Cretaceous magmatic and sedimentary rocks (Fig. 1.6), 
which control the mineralizing processes in space and time 
(Popov and Popov, 2000).
 Basement of the Late Cretaceous rocks 
 All of the deposits are hosted by Late Cretaceous 
magmatic rocks, intruded or erupted on a pre-Mesozoic 
basement, composed of Precambrian gneiss, amphibolite, 
different schists, and Riphean-Cambrian rocks (greenschist 
phyllites and diabase); and Middle to Late Paleozoic 
granites and granodiorites intrude these rocks (Popov and 
Popov, 2000). Theses formations are overlain in the western 
and northwestern zones by Stephanian and Triassic detrital 
sedimentary rocks, formed by breccia-conglomerate, 
polygenic conglomerate and polymictic sandstone (Moev 
and Antonov, 1978).
 Lithostratigraphy of the Late Cretaceous  
 rock units.
 Late Cretaceous formations are fundamental for 
understanding the Panagyurishte district and can be divided 
into three complexes: a Turonian terrigenous complex, a 
Turonian-Senonian complex and a post-Late Cretaceous 
sedimentary cover (Fig. 1.6).
The features of these complexes show important changes 
of the geological processes during the Late Cretaceous 
evolution of the Panagyurishte mineral district.
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Fig. 1.6.  a. The Banat-Srednogorie zone in Bulgaria and location of the Panagyurishte mineral district and the Chelopech deposit. b. Simpli-
ﬁed geology of the Panagyurishte ore district (after Cheshitev et al., 1995 and Moritz et al., 2004).
The Turonian terrigenous complex
 It is composed of two series: coal-bearing rock 
and sandstone (Moev and Antonov, 1978). The ﬁrst unit 
consists of coal-bearing breccia and conglomerate with 
interbedded layers of coal, transgressively overlapping 
the metamorphic basement. The second unit consists of 
conglomerate and polymictic sandstone, which underlies 
the coal-bearing unit. The sandstone unit overlies the 
conglomerate, or in some areas lies directly on the older 
rocks. It is composed of polymictic sandstone with a 
variable grain size. The preserved thickness of the column 
is 100 to 300 m in some areas. 
The Turonian-Senonian complex
 This complex is divided in three different groups 
according to Popov and Popov (2000): The Turonian-
Lower Senonian volcanogenic complex, the subvolcanic 
to hypabyssal complex and the Late Senonian ﬂyschoid 
complex. 
 The volcanogenic complex is essentially composed 
of effusive suites and volcanosedimentary rocks. The 
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formation of these rocks is directly linked to the volcanic 
activity in the region and is correlated with sedimentary 
processes. Volcanic rocks have predominantly an andesitic 
composition in the North and in the central Panagyurishte 
district whereas dacite becomes more abundant in the 
southern part of the Panagyurishte district (Boccaletti et al., 
1978; Stanisheva-Vassileva, 1980). The detailed stratigraphy 
of the Chelopech area will be described in the next chapter. 
The extension of this rock suite is restricted to some parts 
of the Panagyurishte district; in fact this magmatic event 
shows a variation in age from north to south with an age of 
92.1 ± 0.3 Ma for an early dyke at Elatsite, in the north (Von 
Quadt et al., 2002) and 78-79 Ma for the Capitan-Dimitrievo 
pluton in the south (Kamenov et al., 2003b).
 The subvolcanic to hypabyssal complex presents 
the same range of ages and is linked to the volcanic and 
volcanosedimentary rocks. It is composed of numerous 
intrusive bodies, co-magmatic with the effusive rocks. These 
bodies are dyke-like bodies with different sizes and they 
consist of dacite, andesite and granodiorite to monzodiorite 
(Popov and Popov, 2000).
 The Late Senonian ﬂyschoid complex post-dates 
the magmatic processes, and overlays the magmatic and 
sedimentary rocks. Moev and Antonov (1978) described the 
Mirkovo Formation above volcanic rocks with transgressive 
overlapping, which is composed of red marlstone and 
limestone, with a volcanoclastic conglomerate at the 
base of the succession for a thickness of 1 to 100 m; 
they also determined the Chugovista Formation formed 
by carbonaceous-terrigenous ﬂysch, which overlies the 
Mirkovo Formation. The thickness of this unit can attain 
500-700 m in some places. Fossil studies have determined 
a Maastrichtian age for these formations (Stoykov and 
Pavlishina, 2003).
 The post Late Cretaceous sedimentary  
 cover
 Paleocene, Pliocene and Quaternary sedimentary 
rocks overlap in different parts Late Cretaceous rocks and 
basement rocks (Popov and Popov, 2000).
Petrology and characteristics of Late Cretaceous 
magmatic rocks 
 Magmatic rocks present a calc-alkaline to K-rich 
calc-alkaline composition, with a magmatic succession from 
a basalt-andesitic to a rhyolitic composition. In the northern 
part, magmatic rocks are essentially granodiorite dykes 
and subvolcanic bodies with latitic to andesitic (Stoykov et 
al., 2002). Subvolcanic bodies are in place in the Turonian 
sedimentary rocks and the metamorphic basement, no ﬁeld 
relationships are observed among the different magmatic 
units. The dykes have an E-W orientation, which likely 
reﬂects a tectonic control of these bodies. 
 In the central and southern parts, effusive volcanic 
rocks are well preserved from erosion and have a basalt-
andesitic to rhyolitic composition. Mingling textures occur 
in the South, which reveal mixing between a differentiated 
magma with a continental contamination and a more basic 
component (Kamenov et al., 2003a). 
Metallogeny of the Panagyurishte district
 Porphyry copper and «epithermal massive sulﬁde Cu-Au» deposits are the predominant ore types of the Panagyurishte 
district (Table. 1.1; Strashimirov et al., 2002; Moritz et al., 2004). Subsidiary, base metal (Pb-Zn) occurrences without any 
economic importance and barite veins are located at the periphery of the ore ﬁelds. A few Si-Fe-Mn volcano-sedimentary 
and hydrothermal formations appear locally and are systematically located at the contact between the Late Senonian volcanic 
complex and the Mirkovo Formation (Mutafchiev and Petrunov, 1996). The setting and the structural features of the Late 
Cretaceous volcano-intrusive structures control the formation and the location of ore deposits.
Deposits Activity Remaining resources
Porphyry copper
Elatsite in production since 1981 154 Mt @ 0.33% Cu
Assarel in production since 1976 254 Mt @ 0.41% Cu
Medet mined out (1964-1993) 163 Mt @ 0.32% Cu, 0.1 g/t Au
Vlaykov Vruh mined out (1962-1979) 9.8 Mt @ 0.46% Cu
Tsar Assen mined out (1980-1995) 6.6 Mt @ 0.47% Cu
Epithermal high-
sulﬁdation 
Chelopech in production since 1954 31 Mt @ 1.59% Cu, 3.86 g/t Au
Elshitsa mined out (1947-1996) 2.5 Mt @ 1% Cu, 1.5 g/t Au
Radka mined out (1942-1997) 6.4 Mt @ 1% Cu
Krassen mined out (1962-1973) 0.3 Mt @ 0.76%Cu
Table. 1.1. Copper and gold deposits of the Panagyurishte mineral district, including production and resources (from Strashimirov et al., 
2002).
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 Porphyry copper deposits
 Porphyry copper systems in the Panagyurishte 
mineral district are represented by four major deposits: 
Elatsite, Medet, Assarel and Vlaykov Vruh (Fig. 1.6). The 
mineralization is developed in volcanic and metamorphic 
basement rocks, in the apical part of intrusive and 
subvolcanic bodies (Strashimirov et al., 2002; Von Quadt 
et al., 2002). K-silicate alteration is characteristic for the 
pre-ore hydrothermal activity in all of them. The main 
mineralization stage is dominated by chalcopyrite-pyrite; in 
Elatsite an assemblage of bornite, chalcopyrite, and platinum 
group minerals (Petrunov and Dragov, 1993; Tarkian et al., 
2003) in Elatsite occurs. According to Bogdanov (1986) 
and Strashimirov et al. (2002), differences for each deposit 
suggest that Elatsite and Medet are formed probably at 
deeper levels of the porphyry systems, whereas Assarel 
was formed at shallower and lower temperature conditions. 
Numerous porphyry systems are spatially associated with 
intermediate to high-sulﬁdation epithermal deposits.
 Epithermal deposits
 These deposits have been deﬁned in earlier studies 
as “massive sulﬁde copper pyrite deposits” by Bogdanov 
(1980, 1984, and 1987) and by Popov and Popov (1997, 
2000). Mutafchiev and Petrunov (1996) named them 
“synvolcanic hydrothermal-sedimentary massive pyrite, 
followed by a high sulﬁdation epithermal stage” in the case 
of the Chelopech deposit. Strashimirov et al. (2002) are the 
ﬁrst to deﬁne these deposits as high-sulﬁdation epithermal 
deposits for Chelopech and Krassen and intermediate 
to high-sulﬁdation epithermal deposits for Elshitsa and 
Radka. Recent authors accept an epigenetic origin for the 
mineralization, formed by the replacement of volcanic 
rocks as suggested by Dimitrov (1960). The massive 
mineralization occurs as lenses, which usually follows the 
bedding of sedimentary rocks and volcanic tuffs. Vein ores 
are developed either as aureoles around massive sulﬁde 
bodies or independently and can crosscut the bedding of the 
volcanic succession (Kouzmanov, 2001, 2002; Moritz et al., 
2004).
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Geology of the Chelopech high-sulﬁdation epithermal 
deposit
The Chelopech mine: history and mining
 
 The Chelopech deposit is located about 60 km to the east of Soﬁa. The superﬁcial part of the Chelopech deposit has 
been mined since ancient times. The ore area was described for the ﬁrst time by Zlatarski (1882) and Bončev (1923). Before 
World War II, the French company “Luda Yana” started the ﬁrst exploration activities. Exploration and mapping started 
on surface in the area in 1954, and were intensiﬁed in 1975 when the ore-dressing plant was built. From 1992 to 1998, the 
Bulgarian Ireland Mining Company (BIMAC) exploited the deposit. Navan acquired 68% interests in the Chelopech mine in 
1993 from the Bulgarian Government, which was increased to 92% in 1999 through privatization. In 2003, Dundee Precious 
Metals, Inc. (DPMI) acquired the Bulgarian gold mines including the Chelopech deposit. DPMI estimates that Chelopech will 
require a US$15 million investment over the next 18 months and US$40 million over three years which will set the stage for 
expansion of the facility and proﬁtable operations (DPMI data, Table. 2.1).
 The Chelopech Mine produced approximately 625 000 tones of ore at a grade of 1.6 % Cu and 3.8 g/t gold (DPMI 
data). The Chelopech ore district, including the Charlodere deposit, the Vozdol and Karlievo ore occurrences and the Petrovden 
alteration zone (described later), covers an area of approximately 18 km2 of which, to date only about 2.6 km2 have been fully 
explored. There are 4 shafts servicing the mine. The main shaft is the Kapitalna Shaft which handles both men and material 
and is the main rock hoisting shaft. The current mine is essentially a one level operation in that all rock haulage and hoisting 
take place on level 405 (~ 350 m below the surface). Sublevels at 10 meters intervals are developed at depth. The mining 
method in use at Chelopech is sub-level caving.
Table. 2.1. Chelopech DPMI data.
Chelopech Project Mineral Resources (DPMI, 2004, annual report)
General geology of Chelopech
 The Chelopech deposit occurs below a sedimentary 
cover, which has preserved the underground mineralization 
from erosion (Fig. 2.1). The sedimentary sequence at 
Chelopech is characteristic of the Panagyurishte mineral 
district (Fig. 1.6 and Fig. 2.2). The region of Chelopech 
is deﬁned by metamorphic basement rocks and Late 
Cretaceous volcanic and sedimentary rock successions. 
The basement consists of two-mica migmatites with thin 
intercalations of amphibolite, gneiss of the Pre-Rhodopian 
Supergroup (Dabovski, 1988), and the Late Precambrian-
Cambrian sedimentary-volcanic complex of the Berkovitza 
Group (Haydoutov, 2001). The Late Cretaceous 
(Turonian-Maastrichtian) sedimentary and volcanic rocks 
transgressively overlap the basement. The Late Cretaceous 
sequence begins with a Turonian conglomerate and coarse 
sandstone coal-bearing formation (Stoykov and Pavlishina, 
2003). A 300 m thick olistostrome of this formation 
was described at the base of the northern part of Vozdol 
occurrence (borehole data) (Fig. 2.1; Popov and Kovachev, 
1996). Subvolcanic bodies intrude this basal formation 
and are associated with volcano-sedimentary rocks of the 
Mineral gold copper gold silver
resources tonnes equiv. grade metal grade metal grade metal
category g/t % tonnes g/t ounces g/t ounces
measured 3 831 7.1 1.6 6 300 3.8 467 000 15 1 860 000
indicated 14 040 7.1 1.5 21 000 4 1 816 000 10 4 650 000
measured
and indicated 17 871 7.1 1.5 27 300 4 2 283 000 11 6 510 000
inferred 27 370 6.5 1.4 38 000 3.7 3 273 000 9 8 150 000
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Fig. 2.1. Geological map of Chelopech area.
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Chelopech Formation (Figs. 2.2, 2.3; Moev and Antonov, 
1978a). The upper part of the sedimentary sequence of 
the Chelopech Formation is characterized by two-mica 
volcanoclastic sandstone, recently estimated with a Turonian 
age (Stoykov and Pavlishina, 2003, 2004) and interﬁngered 
with volcanogenic resedimented syn-eruptive breccia 
(described in Chapter IV). This formation has a thickness of 
300 to 450 m and is characteristic of a continental setting. 
The Chelopech Formation has been deformed, eroded and 
transgressively covered by reddish limestone-marls of the 
Mirkovo Formation (Moev and Antonov, 1978). 
The limestone is overlain by typical ﬂysch interbedding 
characterized by abundant polymictic sandstone, calcareous 
sandstone and calcareous argillite. This unit is deﬁned as 
the Chugovista Formation and has a maximum thickness 
of 30-40m. The succession of the Mirkovo and Chugovista 
Formations, from limestone to a ﬂysch sedimentary 
sequence, represents a transgressive sedimentary setting in a 
marine environment during the Maastrichtian (Stoykov and 
Fig. 2.2. Stratigraphic column of the Chelopech district (modiﬁed 
after Popov and Popov, 2000).
Fig. 2.3. Field pictures of the different sedimentary and volcanic 
formations in the Chelopech area. a. Two mica sandstone (2-mica 
S), with a graded bedding volcanoclastic breccia layer (VB) in a 
synclinal structure in the Vozdol Valley, proximal basin facies of the 
Chelopech Formation. b-b’. Interﬁngering of the two mica sandstone 
in the resedimented volcaniclastic syn-eruptive and syn-volcanic 
Vozdol breccia which characterized a simultaneous deposition. c. 
Mirkovo Formation, basal volcanoclastic conglomerate and upper 
reddish limestone. d. Chugovista Formation, ﬂysch deposition, 
alternance of clay limestone and lime sandstone. e. Beginning of 
the Chugovista Valley, tectonic slice of altered Turonian sandstone 
(S) on altered andesite (AA) which presents a faulted contact with 
an altered volcanic breccia (AVB). f. Charlodere ore occurrence, the 
pale outcrop is advanced argillic altered andesitic rock in contact 
with volcanic breccia. g. Petrovden alteration area, view from the 
Petrovden Mount. h. Hydrothermal mineralized breccia from the ore 
body one.
2 mica sandstone
resedimented,
syn-eruptive
breccia
b'
~100m
NW SE
a
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NW SE
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Pavlishina, 2003). These rocks outcrop in the Chelopech 
syncline over 20 km2, to the west of the Chelopech Village. 
The volcanic rocks were preserved from erosion by the 
sedimentary rock units and form the limbs of the syncline, 
which is affected by the Chelopech Thrust in the eastern part. 
This thrust is correlated with an early Tertiary tectonic event 
with a principal N50-50SE orientation of the associated 
structures (Cf. Chapter III). The southern part of the 
Chelopech Syncline is bordered by the Neogene-Quaternary 
Zlatitsa graben, which is associated with a Cenozoic ﬁlling 
conglomerate. Figure 2.4 shows the relationship among all 
these structures and the tectonic overprint.
Description of magmatic rocks from the 
Chelopech area
 Magmatism between the Elatsite and Chelopech 
deposits has been well described by Popov and Popov 
(2000), Popov et al. (2001) and Stoykov et al. (2002). The 
authors propose three different phases for the Chelopech 
volcanism linked to a Late Cretaceous island arc setting: 
dome-like bodies with andesitic, latitic and trachydacitic 
compositions, lava and agglomerate ﬂows, which present 
andesitic, latitic, dacitic to trachydacitic compositions, and 
a lava breccia neck with magmatic compositions ranging 
between andesite and shoshonite (Fig. 2.5; Stoykov et al., 
2002).
(1) Dome-like bodies in developed in the Turonian 
sedimentary rocks and are well exposed in the 
Murgana area (Fig. 2.5). It has an andesitic to 
trachydacitic composition with a porphyritic 
texture displaying a microlitic groundmass. 
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Fig. 2.4. Chelopech cross section, based on surface and underground mapping, extensive drillcore descriptions and observations, and inclu-
ding information from Popov and Kovatchev (1996) for the northern part at Vozdol.
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(2) Lava and agglomerate ﬂows have been described 
in the northern part of the Chelopech area. 
Agglomerate ﬂows could be related to the upper 
level of the volcanic ﬂows. The composition of 
lava ﬂows is chieﬂy latitic, with an amphibole-
plagioclase-bearing porphyritic texture, with 
accessory biotite and titanite. The groundmass 
is microlitic, with plagioclase microlites. The 
presence of magmatic xenoliths, with almost the 
same mineralogy, is interpreted by Stoykov et 
al. (2002) as evidence of mingling in this rock 
type. Based on drillcore descriptions, the authors 
proposed that the 1200 m thickness of volcanic 
rocks below Chelopech is mainly composed of 
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Fig. 2.5. Geological map of the Chelopech area, according to Moev and Antonov
(1978a, b), and Stoykov et al. (2002).
Chelopech
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Chelopech
Mine
Fig. 2.5. Geological map of the Chelopech area, according to Moev and Antonov (1978a, b), and Stoykov et al. (2002).
lava and agglomerate ﬂows. 
(3) Lava breccia is present in the eastern part of the 
Vozdol Valley to the northeast part of the Petrovden 
area. Popov et al. (2000) interpret this breccia as the 
youngest volcanic event in the Chelopech magmatic 
zone, and they named this rock “the Vozdol neck 
monovolcano”. The Vozdol “neck” consists of 
clast-supported lava-breccia. The Vozdol breccia 
clasts display an andesitic and latitic composition 
with similar petrographic characteristics as lava 
and agglomerate ﬂows, however phenocrysts are 
less abundant. The origin and the formation of 
this breccia will be discussed in Chapter IV, and a 
resedimented syn-eruptive volcaniclastic and syn-
volcanic origin will be advocated to characterize 
this speciﬁc breccia.  
Popov and Kovachev (1996) and Popov et al. (2000) 
describe several independent magmatogenic structures, 
and relate these different structures with different stages in 
space and time of the volcanic activity of the region. Early 
subvolcanic magmatic rocks intrude the older rocks along 
east to northeast-oriented faults. The Chelopech volcano, 
which is characterized by radial-concentric faults and 
caldera subsidence, according to Popov and Kovatchev 
(1996), is intruded by several necks in its central part. Late 
subvolcanic intrusive dykes present an east-northeast or west-
northwest direction. The Vozdol volcano is characterized by 
a neck which cuts the eastern part of the Chelopech volcano. 
The Karlievo cryptovolcanic structure is developed in the 
southern part of the Chelopech area, also characterized by 
radial-concentric faulting in the basement rocks.
 This distinction among the various volcanic events 
has not been used in this study; we consider only one 
magmatic stage evolution with different volcanic structures. 
Furthermore, there is no evidence for caldera and radial-
concentric faults determined with aerial photographs or 
ﬁeld work. Therefore, the early volcanic caldera model is 
challenged in the present study and a strike-slip tectonic 
environment for the Chelopech volcanism has been 
considered (Jelev et al., 2003; cf. Chapter III).
 The description of volcanic rocks on surface and 
underground has been separated because there are no ﬁeld 
evidence to correlate the surface and the mine geology. 
The Vozdol breccia is, based on a detailed petrographic 
study, characterized by a syn-eruptive and resedimented 
volcanogenic origin in a continental setting. In the mine, 
host rocks are intensively altered, nevertheless the initial 
textures of the rock units are still preserved and it is possible 
to characterize the initial rock type. Four major rock units 
have been determined in this study: an subvolcanic body 
with an andesitic texture, developed in phreatomagmatic 
diatreme breccia (Fig. 2.6), named before agglomerate 
andesitic tuff or lava by previous authors (Mutafchiev and 
Petrunov, 1996; Popov et al., 2000), some altered calcareous 
sedimentary rocks and typical volcanic tuff, characteristic 
of pyroclastic deposit. These rock types are thoroughly 
described in Chapters IV and V. The bodies and the geometry 
of rocks are controlled by numerous faults thus revealing a 
tectonic overprint (Chapter III).
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Fig. 2.6. Interpretative lithological map for the Chelopech mine, level 405; based on mining mapping and drill hole descriptions.
Fig. 2.7. Alteration map level 405, Chelopech mine (after Mutafchiev and Petrunov, 1996 and Georgieva et al., in preparation).
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Hydrothermal alteration at the Chelopech 
deposit
 The Chelopech deposit is characterized by a 
typical alteration for epithermal high-sulﬁdation deposits. 
The alteration products have been described by Mutafchiev 
and Chipchakova (1969) for the Chelopech deposit as 
secondary quartzite, with alunite, kaolinite and sericite 
alteration facies to quartz sericite alteration, overprinting a 
propylitic alteration. Popov et al. (2000) described propylitic, 
propylitic-sericitic, sericitic, and advanced argillic pre-ore 
alteration types. Popov and Popov (2000) also proposed 
three alteration stages: 
(1) Propylitization, sericitization, sericitic-advanced 
argillic, advanced argillic (acid chlorine); and 
secondary quartzite-diaspore-kaolinite facies 
within lower Senonian subvolcanic bodies in the 
northern part of the deposit. 
(2) Propylitization with a transitional quartz-adularia 
zone, propylitic-sericitic, sericitic, sericitic 
advanced argillic, advanced argillic-dickitic (acid 
chlorine) and advanced argillic alunitic (acid 
sulfate) types; secondary quartzite formation, 
quartz-dickite and sporadic quartz alunite facies 
developed over andesite effusive rocks and tuffs in 
the central part of the deposit.
(3) Amphibole-biotite-bearing andesite from the 
eastern ﬂank of the deposit was affected by 
propylitic alteration.
 In the area of the Charlodere occurrence (Fig. 2.1), 
the rocks display a propylitic, sericitic-advanced argillic and 
advanced argillic kaolinite-alunite (acid-sulfate) alteration, 
associated with the formation of secondary quartzite in the 
quartz-alunite facies (Mutafchiev and Chipchakova, 1969).
 Alunite-quartz, quartz-dickite, quartz-illite zones 
with pyrite along veinlet and nests are formed at the end 
of the hydrothermal activity. Carbonate veins and nodules 
of barite have been described as post-ore metasomatized 
rock by Mutafchiev and Chipchakova (1969) and Radonova 
(1969).
 Recently, Georgieva et al. (2002) have described 
three principal alteration zones on the exploitation level 405 
(Fig. 2.7). These different alteration zones are distributed 
spatially from the central part of the hydrothermal system to 
the external parts (Fig. 2.7; Mutafchiev and Petrunov, 1996; 
Georgieva, in preparation). The innermost part consists of 
an advanced argillic zone characterized by the presence of 
“vuggy silica”, undescribed in previous studies, massive 
silica and chalcedony zone. This zone is followed by a 
quartz-sericite zone and ﬁnally by an external propylitic 
zone of alteration. Deep drill holes reveal that the advanced 
argillic alteration is developed in volcanic rocks down to 
a depth of more than 2000 m. A vertical variation of the 
mineral composition is observed with the development 
of diaspore, pyrophyllite and zunyite at depth. Georgieva 
et al. (2002) have determined that aluminium-phosphate-
sulfate minerals such as the svanbergite - woodhouseite 
solid solution series are present in the advanced argillic and 
sericitic alteration zones. 
 Hydrothermal alteration assemblages of the 
Chelopech deposit are reported in Figure 2.8, as a function 
of temperature and pH in a diagram modiﬁed, after Corbett 
and Leach (1998).
Fig. 2.8. Hydrothermal alteration assemblages described in the 
Chelopech deposit (Petrunov, 1995; Georgieva et al., 2002) are 
represented with the hatched pattern  on diagram modiﬁed after 
Corbett and Leach (1998) showing the relative stability ranges of 
alteration mineral assemblages as a function of temperature and pH 
(Moritz et al., 2004). Ab: albite, Act: actinolite, Ad: adularia, Al: alunite, 
And: andalusite, Cb: carbonate, Ch: chlorite, Chd: chalcedony, Cr: 
cristobalite, Ct: calcite, Do: dolomite, Dik: dickite, Dp: diaspore, 
Ep: epidote, Fsp: feldspar, Hal: halloysite, I: illite, K: kaolinite, Op: 
opaline silica, Pyr: pyrophyllite, Q: quartz, Ser: sericite, Sid: siderite, 
Sm: smectite, Tri: tridymite.
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Alteration fields
 The same alteration types can be distinguished 
on surface (Fig. 2.9), notably within magmatic rocks just 
above the mine. It is possible to characterize the same 
range from propylitic to advanced argillic alteration. The 
latest alteration stage is associated with the little pipes of 
hydrothermal breccia described on surface, also name ore 
body one (Figs. 2.1, 2.3.h and 2.9).
Mineralization paragenesis
 Three successive ore-mineralizing stages have been 
recognized at Chelopech (Petrunov, 1994, 1995; Simova, 
2000; Jacquat, 2003). An early Fe-S stage consisting mainly 
of disseminated and massive pyrite, a second Cu-As-S stage 
which is the economic Cu and Au stage, and a late Pb-Zn 
stage consisting of veinlets of sphalerite and galena (Fig. 
2.10). 
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Fig. 2.9. Alteration variations on Chelopech surface area (from Georgieva, in prep).
Minerals of the economic stage are pyrite, enargite, 
luzonite, tennantite, chalcopyrite, bornite, mawsonite, 
arsenosulvanite, colusite, digenite, chalcosite, covellite, 
sphalerite, galena, clausthalite, marcasite, goldﬁeldite 
and gold. This stage includes two mineral associations: 
enargite-luzonite and tennantite-chalcopyrite-bornite, 
associated with an intermittent and repetitive character. Late 
carbonates and ﬂuorite are formed in the uppermost part of 
the hydrothermal system. Abundant anhydrite, quartz and 
carbonate are formed in the deeper parts of the deposit.
 The mineralization displays different geometries: 
veins, mineralized breccias, massive sulﬁde and 
dissemination. Popov et al. (2000) describe variable 
morphologies of the ore bodies, such as lens-like, pipe-like, 
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Fig. 2.10. Paragenesis of the Chelopech deposit (from Petrunov, 1994,
1995; Simova, 2000; Jacquat, 2003). bo: bornite, cp: chalcopyrite, en:
enargite, gn: galena, lz: luzonite, py: pyrite, sl: sphalerite, and tn:
tennantite.
Fig. 2.10. Paragenesis of the Chelopech 
deposit (from Petrunov, 1994, 1995; 
Simova, 2000; Jacquat, 2003). bo: 
bornite, cp: chalcopyrite, en: enargite, 
gn: galena, lz: luzonite, py: pyrite, sl: 
sphalerite, and tn: tennantite.
and columnar or nest ore bodies, with commonly winding 
forms. The ore bodies usually present a dip with a high 
angle to the south.
These different types are a function of the different host 
rocks, the origin and nature of the mineralizing ﬂuid and the 
presence or absence of tectonic processes (Jacquat, 2003). 
1- Vein mineralization is volumetrically 
the most important mineralization type 
at Chelopech, and it generally presents a 
subvertical orientation. The thickness of 
these veins varies from 1 cm to several dm. 
Several generations of veins are present along 
the same fracture planes. The veins emplaced 
along previous open spaces, and are developed 
in most intensive hydrothermal altered zones. 
Jacquat (2003) has determined ﬁve different 
vein types, an early “gray chalcedony vein” 
type (without metallic minerals), a “light blue 
chalcedony vein” type, in a second stage the 
“classic vein type” associated with banded 
and encrusting textures, which corresponds 
to successive crystallization stages along 
vein walls, revealing different opening and 
ﬁlling generations of pyrite and enargite 
veins. In addition, the author also describes a 
“tennantite” vein type and a late “polymetallic 
vein” type.
2- Mineralized breccias are associated with 
the vein types described before, and chieﬂy 
massive sulﬁde zones. They are present in all 
exploitation block. This breccia type will be 
described in detailed in Chapter IV. 
3- Dissemination and massive sulﬁde 
mineralization occur at different mine levels 
but systematically in relatively shallower 
parts of the deposit (Mutafchiev et al., 1984) 
within the veinlet-disseminated zones where 
they set up tube-like, lense-like and irregular 
bodies with a volume of several thousands 
cubic meters. These are dense masses mainly 
of early pyrite, correlated or overprinted by 
enargite, bornite, tennantite, chalcopyrite, 
other Cu-sulﬁdes and barite. These later 
minerals can be disseminated, like the early 
pyrite or precipitate around pyrite clasts and 
present cockade texture. Dissemination is 
widespread in the entire deposit; generally 
the disseminated mineral is pyrite, with an 
abundance of 10 to 30% disseminated pyrite 
in argillic advanced altered zones and in 
halos around veins. The replacement process 
preserves the initial texture of the rock, 
and it is clear that only porous and strongly 
permeable rock units were totally replaced by 
pyrite (see later, Chapter IV).
General presentation of the mine
 The present-day exploitation is on level 405, which 
corresponds to 300-400 m below the surface (Fig. 2.11). 
Different ore bodies are mined with a central zone and a 
western zone. In the central part, the mined areas are blocks 
17, 18, 19E, 19W, and in the western part the mined areas are 
blocks 103, 150 and 151. The central zone is characterized 
by massive andesite affected by advanced argillic alteration 
with occurrences of vuggy silica and overprinted by several 
hydrothermal injection breccia pipes (cf. Chapter IV), and 
an important vein system. By contrast, the western part is 
characterized by sedimentary rocks, volcanic tuff, massive 
sulﬁde, and mineralized breccia. On upper levels (505-605) 
massive sulﬁde zones have been described and mined in the 
central zone (Mutafchiev et al., 1984).
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Fig. 2.11. Location of the different exploitation 
blocks in the Chelopech mine (mine data, personal 
communication).
Other ore occurrences in the Chelopech 
area
The Charlodere occurrence
 The Charlodere area is located to the northeast of 
the Vozdol Valley, along the Chelopech Thrust. Charlodere is 
considered by Popov et al. (2000) as an exhumed part of the 
Chelopech deposit (Chapter III). The Charlodere occurrence 
is hosted by strongly altered breccia with a volcanic origin 
and a massive andesitic body. The rocks present a propylitic 
alteration with the occurrence of hydrothermal biotite and 
chlorite, grading into a quartz-sericitic alteration and an 
advanced argillic alteration. Controversial alunite crystals 
(cf. Chapter VI) were described at Charlodere (Popov et al., 
2000; Lerouge et al., 2003), which could be of hypogene 
or supergene origin. Charlodere is also characterized by 
hydrothermal breccia in it central part (Fig. 2.1). 
The Vozdol occurrence
 This occurrence is located in the northern part of the 
Chelopech area about ~1km NNE to the Chelopech deposit, 
in the Vozdol Valley (Fig. 2.1). The mineralization does 
not crop out and has only been intersected by drilling. The 
Cu-Pb-Zn-Au ore is hosted by Turonian conglomerate and 
coarse-sandstone, which is the base of the Late Cretaceous 
sedimentation, Precambrian gneiss and partly by dacite in 
the northern Petrovden area. The ore bodies are composite 
veins in a dense network around tectonic dislocations 
(Mutafchiev, 1982). The ore bodies are strongly overprinted 
by faulting and are about 500 m long, 4-5 to 10-15 m thick and 
have a 600-700 m vertical extension. They are characterized 
by the development of many apophyses (Fig. 2.4), which 
are subvertical in the Turonian sedimentary rocks of the 
hanging wall, but ﬂatter and subparallel to the schistosity 
of the Precambrian gneiss (Popov et al., 2000). Alteration 
is essentially of the quartz-sericitic type and the initial 
stage of intensive argillic type alterations (Chipchakova, 
1993). Main minerals within the mineralization are 
pyrite, sphalerite, galena and chalcopyrite, with a gangue 
composed of quartz, ankerite, calcite, dolomite, barite and 
ﬂuorite (Popov and Popov, 2000), and are surrounded by a 
carbonate, adularia and sericite alteration zone. According 
to Hedenquist et al. (2000), the Vozdol occurrence can be 
classiﬁed as an intermediate-sulﬁdation type. The spatial 
association of the polymetallic Vozdol occurrence and the 
Chelopech epithermal high-sulﬁdation deposit is analogous 
to other base-precious metal veins at the periphery of high-
sulﬁdation systems (Hedenquist et al., 2000; Sillitoe and 
Hedenquist, 2003).
The Petrovden occurrence
 The Petrovden occurrence is located between the 
Chelopech deposit and the Vozdol occurrence (Figs. 2.1 and 
2.9). It is interpreted to be controlled by a fault structure 
(Mutafchiev and Petrunov, 1996; Popov et al., 2000) along 
the southern contact of the dacite dome-like body. The 
veinlet disseminated low-grade Cu-Pb-Zn mineralization is 
developed in intensively jointed rocks and constitutes a linear 
stockwork with a thickness of 80-100 m. This alteration zone 
affected the northern part of our ﬁeld study and overprinted 
dacitic rock of the Petrovden-Murgana dome-like body, 
the Turonian coarse sandstone and the northern part of the 
resedimented syn-eruptive volcaniclastic and syn-volcanic 
Vozdol breccia (Fig. 2.9). The Petrovden alteration area is 
characterized by successive propylitic, quartz-sericite and 
argillic alteration zones on the Petrovden top Mont.
The Karlievo occurrence
 The Karlievo occurrence is located in the 
southeastern part of the Chelopech area (cf. Fig. 1.6). 
The structure has been described as a cryptovolcanic 
ediﬁce, linked to an uneconomic porphyry copper ore 
mineralization, developed in a granodiorite intrusion and 
Precambrian metamorphic rocks. Bogdanov (1984) and 
Chipchakova (1993) described propylitic and sericitic 
alteration zones associated with apparently typical porphyry 
copper mineralization (Kovachev et al., 1978).
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Previous models for the Chelopech 
deposit
 Several authors proposed different origins for 
the formation of the Chelopech deposit: a typical volcanic 
massive sulﬁde origin, an overprinting of different 
hydrothermal events, and an epithermal high-sulﬁdation 
origin. 
 Bogdanov (1984, 1986) proposed a volcanic 
massive sulﬁde formation for the so-called “massive sulﬁde 
deposits” in the southern Panagyurishte district, particularly 
for the Elshitsa deposit (cf. Fig. 1.6). Their formation is 
related to the development of the hydrothermal system at 
the end of the andesite-dacite stage of volcanic activity in 
the Panagyurishte mineral district. The ore bodies have a 
stock-like or lense-like shape and occur in volcanic rocks, 
andesite agglomerate tuffs (Chelopech), ash tuffs or along 
the contact and tectonic fractures zones between andesite 
and dacite volcanic rocks (Radka, cf. Fig. 1.6). Bogdanov’s 
(1984) investigations on the structural and textural 
characteristic of ore provide a basis for the conclusion about 
the metasomatic origin of the massive pyrite lenses. The 
author proposes that the hydrothermal solutions migrated 
from the central part of the volcanic complex along the 
bedding of the volcanic rocks and the massive pyrite ore 
was deposited as a result of a decrease of temperature 
and pressure, directly on the ocean or lake ﬂoor. This ﬁrst 
massive pyrite ore stage was followed by massive copper-
polymetallic deposits developed after the volcanic activity 
described in the same genetic setting. Bogdanov (1986) 
proposed that these deposit types was formed earlier than 
porphyry-Cu deposits in the Panagyurishte mineral district.
 Petrunov (1994, 1995) completed the previous 
model and proposed a three-stage evolution for Chelopech 
(Fig. 2.12), characterized by an overprint of two different 
hydrothermal events. The ﬁrst episode (Fig. 2.12a) takes 
place in submarine conditions and is related to caldera-
forming processes. The mixing of acidic magmatic ﬂuids 
and sea water results in the precipitation of anhydrite and 
pyrite mineralization in the deeper part of the hydrothermal 
system. At some places, the hydrothermal solution reaches 
the sea ﬂoor and some Fe-sulﬁde sediments were formed. 
This took place in small negative structures resulting from 
caldera-faulting. Associated with marine sedimentation, 
volcanic products changed the morphology of the surface, 
and resulted in diagenesis of sediments. The second stage 
(Fig. 2.12b) corresponds to an aerial epithermal environment. 
The intrusion of subvolcanic bodies involves leaching of the 
ediﬁce associated with ﬂuid exsolution, creating permeable 
zones for successive ﬂuid pulses. This stage is directly linked 
with the typical acid-sulfate hydrothermal system alteration, 
characteristic of epithermal high-sulﬁdation deposits. 
Fig. 2.12. Model of the ore-forming history of the Chelopech deposit (after Petrunov, 1994, 1995; Mutafchiev and Petrunov, 1996). a. anhydrite-
pyrite depositions in submarine environment; b. high-sulﬁdation Cu-As-Au epithermal mineralization; c. low-sulﬁdation base metal epithermal 
mineralization; d. contemporary situation.
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 This stage is clearly associated with the economic 
mineralization stage, under oxidized conditions. During the 
third stage (Fig. 2.12c), contemporaneously with tectonic 
movements, Petrunov (1994) proposed the formation 
and development of low-sulﬁdation base metal-gold 
mineralization. The Vozdol occurrence represents the best 
expression of this stage, associated with a hydrothermal 
alteration of neutral to alkaline nature, and the presence of 
carbonate, sericite and adularia.  
 Recent contributions (Kouzmanov, 2001; 
Kouzmanov et al., 2002; Strashimirov et al., 2002; Moritz 
et al., 2004), in agreement with the epigenetic origin of 
the hydrothermal Cu-Au deposits proposed by Dimitrov 
(1960), argue for an epithermal, replacement origin for the 
ore bodies for the Radka and Chelopech deposits with a 
medium to high sulﬁdation character, directly linked with 
porphyry-Cu mineralization (Strashimirov et al., 2002). 
This new model is based on modern concepts for epithermal 
deposits (Hedenquist and Lowenstern, 1994; Hedenquist et 
al., 2000).
References
Bogdanov, B., 1984, Hydrothermal system of massive sulphide, 
porphyry copper and vein deposits of Sredna Gora zone 
in Bulgaria: Proceeding of the IV Symposium IAGOD, 
Stuttgart, Germany, p. 63-67.
Bogdanov, B., 1986, Copper ore Deposits in Bulgaria: 
Schriftenreihe der Erdwissenschaftlichen Kommissionen 
by Osterreichische Akademie der Wissenschaften, band 8, 
p.103-112.
Bončev, R., 1923, The minerals in Bulgaria: Annual of the Soﬁa 
University, v. 19, p. 1-212. (in Bulgarian)
Chipchakova, S., 1993, Acid-sulphate and adulare-sericitic type 
alterations of magmatic rocks in the epithermal deposits: 
Geofund, Geological Institute of the Bulgarian Academy 
of Sciences, 45p. (in Bulgarian)
Corbett, G.J. and Leach, T.M., 1998, Southwest Paciﬁc Rim Gold-
Copper systems: Structure, alteration, and mineralization: 
Special Publication of the Society of Economic Geologists, 
n°6, 237 p. 
Dabovski, C., 1988, Precambrian in the Srednogorie zone 
(Bulgaria): In, Cogne, J., Kozhoukharov, D. and Kraunter, 
H.G. (eds) Precambrian in Younger Fold Belts,  Essex, 
p.841-847.
Dimitrov, C., 1960, Magmatismus und Erzbildung im Erzgzbiet 
von Panagjuriste: Freib. Forschungshefte, c. 79, p.67-81.
Georgieva, S., Velinova, N., Petrunov, R., Moritz, R. and Chambefort, 
I., 2002, Aluminium Phosphate-Sulfate minerals in the 
Chelopech Cu-Au deposit: Spatial development, chemistry 
and genetic signiﬁcance: Geochemistry, Mineralogy and 
Petrology, v. 39, p.39-51. 
Haydoutov, I., 2001, The Balkan island-arc association in west 
Bulgaria: Geologica Balcanica, v. 31 (1/2), p.109-110.
Hedenquist, J.W. and Lowenstern, J.B., 1994, The role of magmas 
in the formation of hydrothermal ore deposits: Nature, v. 
370, p.519-527. 
Hedenquist, J.W., Arribas, A.R. and Gonzales-Urien, E., 2000, 
Exploration for epithermal gold deposits: In, Gold 2000, 
Society of Economic Geologists Reviews, v. 13, p.245-
277.
Herzig, P.M. and Hannington, M.D., 1995, Polymetallic massive 
sulﬁdes at the modern seaﬂoor; a review: Ore Geology 
Reviews, v. 10, p.95-115.
Jacquat, S., 2003, Etude Paragénétique et Géochimique du 
Gisement Epithermal d’Or et de Cuivre de type “High-
Sulﬁdation” de Chelopech, Bulgarie. Diplôme d’Ingénieur 
Géologue, University of Geneva. (in French)
Jelev, V., Antonov, M., Arizanov, A., and Arnaudova, R., 2003, 
On the genetic model of Chelopech volcanic structure 
(Bulgaria): Annual, 50 years University of Mining and 
Geology “St. Ivan Rilski”, Geology and Geophysics, Soﬁa, 
v. 46 (I), p. 47-51.
Kouzmanov, K., 2001, Genèse de la concentration en métaux de 
base et précieux de Radka et Elshitsa (zone de Sredna 
Gora, Bulgarie): une approche par l’étude minéralogique, 
isotopique et des inclusions ﬂuides. Unpublished Ph.D. 
thesis, University of Orléans, France, 437p.
Kouzmanov, K., Bailly, L., Ramboz, C., Rouer, O. and Bény, J-M., 
2002, Morphology, origin and infrared microthermometry 
of ﬂuid inclusions in pyrite from the Radka epithermal 
copper deposit, Srednogorie zone, Bulgaria: Mineralium 
Deposita, v.37 (6/7), p.599-613.
Kovachev, V., Strashimirov, S., Pendjerkov, G. and Serkedjieva, 
M., 1978, Geological features of the copper-molybdenum 
ore occurrence Karlievo: In, 25 anniversary of HIMG, v. 2, 
p. 87-94. (in Bulgarian)
Lerouge, C., Bailly, L., Fléhoc, C., Petrunov, R., Kunov, A., 
Georgieva, S., Velinov, I. and Hikov, A., 2003, Preliminary 
results of a mineralogical and stable isotope study of alunite 
in Bulgaria – Constraints on its origin: In, Elioupoulos, 
D.G. et al. (eds): Mineral exploration and sustainable 
development, Proceedings 7th biennial SGA meeting, 
Athens, Greece, 24-28 August 2003, Millpress Rotterdam, 
p. 495-498.
Moritz, R., Kouzmanov, K. and Petrunov, R., 2004, Upper 
Cretaceous Cu-Au epithermal deposits of the Panagyurishte 
district, Srednogorie zone, Bulgaria: Swiss Bulletin of 
Mineralogy and Petrology, v. 84(1).
Moev, M. and Antonov, M., 1978, Stratigraphy of the Upper 
Cretaceous in the eastern part of the Sturguel-Chelopech 
strip: Annales de l’Ecole Superieur des Mines et Geology, 
v. 23 (2), p.7-30. (in Bulgarian)
Mutafchiev, A., 1982, Mineralogy and endogen zonality of the 
ores from Vozdol deposit, Celopec ore ﬁeld: Ore-Forming 
Processes and Mineral Deposits, v. 17, p. 50-61. (in 
Bulgarian with English abstract)
Mutafchiev, I. and Chipchacova, S., 1969, Hydrothermal alterations 
of the rocks of the Senonian volcanic complex at the gold-
copper-pyrite deposit of Chelopech near Pirdop. Bulletin 
of the Geological Institute, v. 13, p.125-141. (in Bulgarian 
with English abstract)
Mutafchiev, I. and Petrunov, R., 1996, Geological genetic models 
of ore-deposit formation in the Panagyurishte-Etropole 
ore region: Unpublished report for Chelopech LTD, Soﬁa, 
69p.
Mutafchiev, I., Zinoviev, K., Staikov, M., Parvanov, B., Angelkov, 
Kr, Grigorov, St., Dimitrov, R., Staikova, M., Tuparev, P., 
Christov, I., Yaneva, P., Bozilov, Tr., Nikolova, G., Kirtchev, 
St. and Dimov, D., 1984, New data on the Tchelopech 
deposit structure, morphology and zonality: Bulletin of the 
Institute of Ore Deposits, v. 1, p. 185-199. (in Bulgarian)
Ohmoto, H., 1996, Formation of volcanogenic massive sulﬁde 
deposits; the Kuroko perspective: Ore Geology Reviews, 
v. 10, p.135-177.
Petrunov, R., 1994, Mineral paragenesis and physicochemical 
conditions of ore-forming in the Chelopech deposit: PhD 
Thesis, Geology Institute, Soﬁa, 178p. (in Bulgarian)
II-38
Chapter II
Petrunov, R., 1995, Ore mineral paragenesis and zoning in the 
deposit of Chelopech: Geochemistry, Mineralogy and 
Petrology, Soﬁa, v. 30, p. 89-98. (in Bulgarian)
Popov, P. and Kovachev, V., 1996, Geology, composition and 
genesis of the ore mineralizations in the central part of 
the Elatsite-Chelopech ore ﬁeld: Proceeding of the annual 
Meeting Soﬁa, UNESCO-ICGP Project 356, Plate tectonic 
aspects of the Alpine Metallogeny in the Carpatho-Balkan 
region, v. 1, p. 159-170.
Popov, P., Petrunov, R., Kovachev, V., Strashimirov, S and 
Kanazirski, M., 2000, Elatsite-Chelopech ore ﬁeld: In, 
Strashimirov.S & Popov.P (eds), Geology and Metallogeny 
of the Panagyurishte ore region (Srednegorie zone, 
Bulgaria), ABCD-GEODE 2000 workshop, guide book to 
excursions, Soﬁa, p. 8-18.
Popov, P. and Popov, K., 2000, General geologic and metallogenic 
features of the Panaguyrishte ore region: In, Strashimirov.
S & Popov.P (eds), Geology and Metallogeny of the 
Panagyurishte ore region (Srednegorie zone, Bulgaria), 
ABCD-GEODE 2000 workshop, guide book to excursions, 
Soﬁa, p. 1-7.
Popov, P., Radichev, R. and Dimovski, S., 2001, Geology and 
evolution of the Elatsite-Chelopech porphyry-copper 
– massive sulﬁde ore ﬁeld: Annual of the University 
of Mining and geology, Soﬁa, v. 43/44 (1), p. 31-44. (in 
Bulgarian)
Radonova, T., 1969, Secondary quartzite and propylite of the 
massive sulﬁde deposit Chelopech: Revue of the Bulgarian 
Geological Society, v. 30, p.251-267. (in Bulgarian)
Sillitoe, R.H. and Hedenquist, J.W., 2003, Linkages between 
volcanotectonic settings, ore-ﬂuid compositions, and 
epithermal precious metal deposits: In, Simmons, S.F. and 
Graham, I. (eds), Volcanic, geothermal, and ore-forming 
ﬂuids: Rulers and witness of processes within the earth: 
Special Publication of the Society of Economic Geologists, 
n°10, p. 315-343.
Simova, S., 2000, Mineral composition and paragenetic sequences 
in the ore-mineralization of 405 horizon in Chelopech 
deposit: Diploma thesis, Geological Institute, Bulgarian 
Academy of Sciences, Soﬁa. (in Bulgarian)
Stoykov, S. and Pavlishina, P., 2003, New data for Turonian age of 
the sedimentary and volcanic succession in the southeastern 
part of Etropole Stara Planina mountain, Bulgaria: Comptes 
Rendus de l’Académie Bulgare des Sciences, v. 56, p. 55-
60.
Stoykov, S. and Pavlishina, P., 2004, Stratigraphy and palynological 
assessments of the Upper Cretaceous sedimentary and 
volcanic formations in the region of Chelopech, Central 
Srednogorie zone, Bulgaria: Bulgarian Geological Society, 
Annual Scientiﬁc Conference “Geology 2004”, 16-17 
December, Proceedings, p. 77-79.
Stoykov, S., Yanev, Y., Moritz, R. and Katona, I., 2002, Geological 
structure and petrology of the late cretaceous Chelopech 
volcano, Srednegorie magmatic zone: Geochemistry, 
Mineralogy and Petrology, v. 39, p. 27-38.
Strashimirov, S., Petrunov, R. and Kanazirski, M., 2002, Porphyry-
copper mineralization in the central Srednogorie zone, 
Bulgaria: Mineralium Deposita, v. 37 (6/7), p.587-598.
Zlatarski, R.N., 1882, Ore mineralization in Bulgaria: Periodic 
letter of the Bulgarian Editor Association, v. 2, p. 84-131. 
(in Bulgarian)
III-39
Chapter III
Chapter III
Late Cretaceous structural control and Alpine 
overprint of the high-sulﬁdation Cu-Au epithermal 
Chelopech deposit, within the geodynamic setting of the 
Panagyurishte region, Srednogorie belt, Bulgaria. 
Isabelle Chambefort*and Robert Moritz*
Section des Sciences de la Terre, University of Geneva, rue des Maraîchers, 13, 1205 Geneva, 
Switzerland.
Abstract
 The Chelopech epithermal high-sulﬁdation deposit is located in the Panagyurishte mineral district in Bulgaria, 
which is deﬁned by a NNW-alignment of porphyry-Cu and epithermal deposits and forms part of the Eastern European Banat-
Srednogorie belt. Detailed structural mapping and drillcore descriptions have been used to deﬁne the structural evolution 
of the Chelopech deposit from Late Cretaceous to the present day. The tectonic evolution of the deposit is comprised of 
four successive stages. The Chelopech magmatic rocks and associated mineralization were probably developed in a sinistral 
transtensional strike-slip system, at the intersection of ~N55 and ~N110 – oriented faults. The latest generation of faults is 
parallel to the orientation of the Srednogorie belt, which is thought to be a subduction-related magmatic belt. These two fault 
generations have controlled the Chelopech hydrothermal system development.
 After the Late Cretaceous magmatism and the deposition of the Maastrichtian sedimentary cover, the Chelopech 
region was marked by the development of WNW-oriented fold complex in the sedimentary rocks, associated with thrust 
movement parallel to the Srednogorie elongation. This stage is linked to the Laramian tectonic phase, described in Bulgaria. 
 A change in the stress axes resulted in an overprint of this magmatic pull-apart system by a dextral transtensional 
strike-slip duplex system, parallel to the E-W Srednogorie orientation. This dextral system is characterized by the reactivation 
of preexisting normal N55 faults as thrusts. This compressive stage initiated the development of folds in the Maastrichtian 
sedimentary cover. The thrust movement is accommodated by the development of mostly dextral normal strike-slip faults, 
which are parallel to the NNW elongation of the Panagyurishte mineral district. 
 This dextral transpressive duplex evolved into a transtensional system, which characterizes the present-day structural 
system of the Chelopech area. The present-day tectonics of the Panagyurishte mineral district is also characterized by a 
general extension. 
 This evolution of strike-slip systems in the Chelopech deposit has been extrapolated to the entire Panagyurishte 
mineral district. The evolution of the Panagyurishte district is deﬁned by three successive stripes, from North to South, 
which were formed during approximately 10 Ma. These strike slip systems were formed between N110 and N155-trending 
faults, parallel to the Srednogorie belt alignment, and parallel to the general Panagyurishte NNW direction, respectively. This 
migration of magmatism and structural systems has been ascribed to subduction-slab roll-back.
 Transtensional tectonic system has favored and controlled the high-sulﬁdation epithermal mineralization, which has 
probably been preserved from erosion by basin sedimentation and late tectonic overprinting.
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Introduction
 Precious metal epithermal ore deposits have 
generally a poor preservation potential due to their shallow 
depth of formation, and the likelihood of their erosion 
increases with their age. Therefore, epithermal deposits are 
most commonly preserved in volcanic arcs of late Cenozoic 
age (Cooke and Simmons, 2000; Hedenquist et al., 2000; 
Kesler et al., 2004). However, there are a number of older 
epithermal deposits, some of them with a major economic 
importance, that have been preserved from erosion, such as 
the Late Cretaceous deposits at Pueblo Viejo, Dominican 
Republic (Muntean et al., 1990; Kesler et al., 2003, 2005) 
and in the Camagüey district, Cuba (Kesler et al., 2004), 
the Jurassic deposits of Patagonia, Argentina (Shalamuk 
et al., 1997), and the Paleozoic epithermal deposits in 
northeastern Queensland and New South Wales, Australia 
(Wood et al., 1990; Bobis et al., 1995; Masterman et al., 
2002). Preservation of pre-Cenozoic epithermal deposits 
is typically attributed to post-mineralization tectonic 
processes and/or burial (e.g. Masterman et al., 2002; Kesler 
et al., 2004), subsequent to the extensional tectonic to near-
neutral stress settings, which are considered as favorable 
environments for the development of epithermal deposits 
in magmatic arcs (Tosdal and Richards, 2002; Sillitoe and 
Hedenquist, 2003; Kesler et al., 2004; Tosdal, 2004).
 The Late Cretaceous Banat-Timok-Srednogorie 
belt is a major ore province in Eastern Europe, linked to 
subduction-related magmatism during the convergence 
between Africa and Eurasia (Jankovic, 1997; Berza et 
al., 1998; Ciobanu et al., 2002; Heinrich and Neubauer, 
2002). This belt hosts some of the major operating 
European gold mines exploiting high-sulﬁdation epithermal 
deposits, including Bor in the Serbian Timok district 
(Jankovic, 1990; Jankovic et al., 1998) and Chelopech in 
the Bulgarian Panagyurishte district, which is comparable 
in tonnage and grade with Cenozoic world-class deposits 
of the circum-Paciﬁc region, such as El Indio in Chile, 
Lepanto in the Philippines and Pierina in Peru (Moritz et 
al., 2004). The Carpathian-Balkan arc is currently a major 
target for mineral exploration in Europe (Danielson, 2005). 
Therefore, understanding the geologic environments that 
were favorable for the preservation of epithermal deposits in 
the Late Cretaceous Banat-Timok-Srednogorie belt is a key 
for successful mineral exploration programs in a geologic 
environment that has undergone successive orogenic 
events.
 In this contribution, we present new data obtained 
at the high-sulﬁdation epithermal Chelopech deposit, 
Panagyurishte mineral district, Bulgaria, during detailed 
structural, surface and underground mapping, from drill-
core studies, and 3D reconstructions using GEMCOM data 
provided by the mine staff at Chelopech. These data allow us 
to unravel the geologic evolution of the Chelopech deposit 
within the Late Cretaceous volcano-sedimentary arc, from 
the early magmatic regime and the favorable ore forming 
events to the younger geologic events that created a favorable 
environment for its preservation. Finally, the structural 
evolution proposed for the Chelopech area will be discussed 
with respect to previous structural studies carried out in the 
Panagyurishte mineral district (Popov and Popov, 2000; 
Antonov and Jelev, 2001; Ivanov et al., 2001; Kouzmanov 
et al., 2002; Jelev et al., 2003), and recent geochronological 
data obtained on the Panagyurishte deposits and magmatic 
rocks (Kamenov et al, 2004; Von Quadt et al., in press).
Kinematics of the Alpine-West Carpathian 
orogen 
 Figure 3.1 displays the evolution of the western 
margin of the Tethys from the Middle Cretaceous to the 
present-day during the development of the Alpine orogen 
(after Neugebauer et al., 2001). Oceans opened between 
Western Europe (North Penninic and South Penninic 
Oceans) and the Adriatic plate. During the early Aptian (Fig. 
3.1a), the Eohellenic arc was obducted onto the Greek and 
Dinarides continental margin. From 118 to 83 Ma (Fig. 3.1b), 
convergence between the Adriatic plate and Western Europe 
started and formed nappe piles on both plates. Independent 
rotation of the Adriatic plate was initiated. Most of the 
South Penninic Ocean was obducted between 83 and 38.5 
Ma (Figs. 3.1b, c, d). These fragments of oceanic material 
were driven northward by the convergence of Africa and 
Western Europe. The Neoalpine collision started in the early 
to mid-Eocene in the West (Fig. 3.1d), and resulted in the 
closure of the remaining basins. As the huge evolving nappe 
pile comprised of cold, thickened crusts north and south of 
the collision zone resisted further shortening, gravitational 
and convergence induced escape and extrusion of Eastern 
Europe (Figs. 3.1e, f). The extrusion was promoted by 
strike slip faulting, resulting in the formation of windows 
by the extrusion of the Western Carpathians to their present 
position. Shortening went on but with diminishing intensity 
during continuous convergence between Africa and Western 
Europe, and has shifted to zones outside of the Alps to the 
present day (Fig. 3.1g).
Geodynamic models for the Banat-Timok-
Srednogorie belt
 The Late Cretaceous Banat-Timok-Srednogorie 
belt is a segment of the Alpine- Balkan-Carpathian 
orogen (Neugebauer et al., 2001; Heinrich and Neubauer, 
2002; Neubauer, 2002). This orogen resulted from the 
convergence between Africa and Europe, and the closure of 
the Tethys in the past 100 Ma (Dabovski et al., 1991; Ricou 
et al., 1998; Wortel and Spakman, 2000). Magmatism in the 
Banat-Timok-Srednogorie belt has been generally related 
to north to northeast subduction of the African Plate below 
the Eurasian Plate (Dewey et al., 1973; Radulescu and 
Sandulescu, 1973; Herz and Savu, 1974; Hsü et al., 1977; 
Ivanov, 1988). Recent studies on magmatic rocks in the belt 
have revealed that the Late Cretaceous magmatism has a 
calc-alkaline composition (Dupont et al., 2002; Stoykov et 
al., 2002; Kamenov et al., 2003, 2004) and an island-arc or 
continental arc setting has been proposed. Ricou et al. (1998) 
advanced that the Srednogorie belt was formed during back-
arc opening, linked to post-collisional easy state subduction 
during the Senonian.
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 In previous contributions, Boncev (1976) and 
Popov et al. (1979) interpreted the Banat-Srednogorie belt 
as a rift-related structure. Popov (1987) and Popov et al. 
(2001) proposed that the Late Cretaceous rifting was related 
to the emplacement of a large sheet-like mantle diapir, 
associated with post-collisional collapse. According to the 
later author, the large-scale geodynamic setting changed at 
the end of the Turonian, resulting in uplift, and during the 
Senonian, the regional tectonic setting was characterized by 
a stage of subsidence in an extensional environment, with the 
formation of horsts and grabens controlled by transcurrent 
oblique faults. The Late Cretaceous sedimentation, 
associated with the crustal extension, was characterized by 
tephroidal ﬂysch under submarine conditions. The late rift 
stage, which is limited to the Srednogorie and Timok zones, 
was associated with Alpine deformation and the formation 
of small intra-montane grabens. 
 By contrast, Boccaletti et al. (1974), Berza et 
al. (1998), Neubauer (2002) and Neubauer et al. (2003) 
suggested post-collision slab break-off as a trigger for 
Late Cretaceous magmatism, and that ore genesis was 
contemporaneous with the formation of post-collision 
collapse basins (Fig. 3.2). 
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����������Fig. 3.2. Generalized model displaying mineralization associated 
with post-collisional slab break-off (modiﬁed after Wortel and 
Spakman, 2000 and Neubauer, 2002).
Geology and metallogeny of the 
Panagyurishte mineral district
 The roughly east-west trending Srednogorie 
tectonic zone is the Bulgarian segment of the Banat-Timok-
Srednogorie belt, located between the Balkan Zone in the 
north, and the Rhodope Massif and the Sakar-Strandja 
Zone in the south (Fig. 3.3a; Boncev, 1988; Ivanov, 
1988). The NNW-oriented Panagyurishte mineral district, 
approximately 60 to 90 km east of Soﬁa, belongs to the 
Central Srednogorie zone (Fig. 3.3a), and has supplied 
approximately 95% of the Bulgarian Cu and Au production 
up to the present (Mutafchiev and Petrunov, 1996).
 The pre-Mesozoic basement rocks of the 
Panagyurishte district (Fig. 3.3b) consist of two-mica 
migmatites, amphibolites and gneisses of uncertain 
Precambrian age, referred to as the Pirdop Group (Dabovski, 
1988), Srednogorie type metamorphic rocks (Cheshitev 
et al., 1995) or the pre-Rhodopean Supergroup (Katskov 
and Iliev, 1993), late Precambrian to Cambrian phyllites, 
chlorite schists and diabases of the Berkovitsa Group 
(Haydoutov, 2001), and Palaeozoic gabbrodiorites, quartz-
diorites, tonalites, and granodiorites-granites (Dabovski 
et al., 1972; Kamenov et al., 2002). The basement rocks 
are transgressively overlain by Turonian conglomerate 
and sandstone, containing metamorphic rock fragments 
and coal-bearing interbeds (Aiello et al., 1977; Moev and 
Antonov, 1978; Stoykov and Pavlishina, 2003). 
  These early sedimentary rocks are in turn crosscut 
and covered by Late Cretaceous magmatic rocks, where 
sub-volcanic and effusive rocks are predominant in the 
north, whereas intrusive rocks become more abundant 
in the south, which reveals a deeper erosion level in the 
southernmost part of the district (Fig. 3.3b). Andesites 
predominate in the northern and central Panagyurishte 
district, whereas dacites are more abundant in its southern 
part (Boccaletti et al.; 1978; Stanisheva-Vassileva, 1980). 
Rhyodacites and rhyolites only occur in the central and 
southern Panagyurishte district (Dimitrov, 1983; Nedialkov 
and Zartova, 2002). Small, subvolcanic dacite, quartz-
monzodiorite and granodiorite intrusions (mostly < 1km2 
in size) are co-magmatic with the Cretaceous volcanic 
rocks. Larger sized, northwest-elongated, syntectonic, Late 
Cretaceous granodioritic-granitic intrusions are restricted 
to the southernmost Panagyurishte district along the Iskar-
Yavoritsa Shear Zone (Ivanov et al., 2001; Peytcheva et 
al., 2001), which corresponds to the transition between the 
Srednogorie zone and the Rhodopes (Fig. 3.3b). Argillaceous 
limestone, calcarenite and sandstone with abundant volcanic 
rock fragments are interbedded with the Late Cretaceous 
volcanic rocks. These sedimentary rocks are also Turonian 
based on palaeontological dating by Stoykov and Pavlishina 
(2003), instead of early Senonian as reported previously 
(Aiello et al., 1977; Moev and Antonov, 1978). Aiello et al. 
(1977) proposed that this sedimentation could have occurred 
in an intra-arc basin, related to the destabilization of the 
volcanic ediﬁce. The interbedded volcano-sedimentary 
rock assemblage is transgressively overlain by Santonian-
Campanian red limestone of the Mirkovo Formation, and 
Campanian-Maastrichtian calcarenite and mudstone ﬂysch 
of the Chugovo Formation (Fig. 3.1c; Aiello et al., 1977; 
Moev and Antonov, 1978; Popov, 2001). The Senonian 
ﬂysch units were deposited as outer-fan lobes within one 
or more basins which were closely related to the eruptive 
centers (Aiello et al., 1977) and have probably preserved the 
volcanic rocks from the erosion notably in the northern part 
of the district (Stoykov and Pavlishena, 2003). 
 The major ore deposit types of the Panagyurishte 
mineral district (Figs. 3.3b, c) include high-sulﬁdation 
epithermal Cu-Au deposits hosted by volcanic, and subsidiary 
sedimentary rocks (Petrunov, 1995; Popov and Popov, 1997; 
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Fig. 3.3. a. Major tectonic zones of Bulgaria (after Ivanov, 1988), b. Simpliﬁed geology of the Panagyurishte mineral district (after Cheshitev 
et al., 1995 and Moritz et al., 2004), c. Structural map of the Panagyurishte mineral district (modiﬁed after Popov and Popov, 2000 and Ivanov 
and Dimov, 2002).
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Strashimirov and Popov, 2000; Kouzmanov et al., 2002, 
2004; Moritz et al. 2004), and porphyry-Cu deposits hosted 
by the apical parts of subvolcanic to hypabyssal intrusions, 
and locally by volcanic and crystalline basement country 
rocks (Bogdanov, 1986; Strashimirov and Popov, 2000; 
Strashimirov et al., 2002; Von Quadt et al., 2002; Popov et 
al., 2003; Tarkian et al., 2003). There is generally a close 
spatial association of porphyry-Cu and high-sulﬁdation 
epithermal deposits in the Panagyurishte district (Figs. 
3.3b, c; Petrunov et al., 1991; Kouzmanov, 2001; Tsonev 
et al., 2000; Kouzmanov et al. 2001; Strashimirov et al., 
2002; Moritz et al., 2004), which is also recognized in 
other parts of the Banat-Timok-Srednogorie belt, such as at 
Bor in Serbia (Jankovic, 1990; Jankovic et al., 1998). The 
porphyry-Cu and high-sulﬁdation Cu-Au deposits of the 
Panagyurishte district are aligned along a north-northwest 
oriented trend, which is oblique with respect to the east-
west trending Srednogorie zone in Bulgaria (Fig. 3.3a). 
There is a southward decrease in the age of the calc-alkaline 
magmatism and the associated ore deposits from about 
91-92 Ma in the north at Elatsite and Chelopech, through 
89-90 Ma at Medet and Assarel, about 86 Ma at Elshitsa 
and Vlaykov Vruh, and 78 Ma at Capitan Dimitrievo in the 
southernmost part of the Panagyurishte district (Fig. 3.3b; 
Von Quadt et al., in press).
Geodynamic setting of the Panagyurishte 
mineral district
 The Panagyurishte tectonic evolution started during 
the Mesozoic and has been affected by several tectonic 
phases during the Cenozoic. The geodynamic setting of the 
Panagyurishte volcano-tectonic district is controlled by the 
regional tectonic regime of the Alpine-Balkan-Carpathian-
Dinaride belt. The southern part of the district is bound by 
Tertiary intrusive rocks of the Rhodope Massif which are 
separated from the Srednogorie belt by the Iskar-Yavoritsa 
Shear Zone (IYSZ; Fig. 3.3c); whereas the Stara Planina 
Paleozoic granitic rocks form the northern border, along the 
Balkan deep fault (Fig. 3.3c).
 After Ivanov (1988) the sedimentation in the Stara 
Planina and Srednogorie Mounts started during Triassic and 
is marked by shallower facies (conglomerate and sandstone) 
which overlaid folded Paleozoic basement rocks. During 
the Senonian, the Balkan was marked by the opening of 
the Srednogorie back arc basin (Ricou et al., 1998), which 
initiated volcanism and detrital sedimentation. 
Late Cretaceous tectonics:
 Recently, Kamenov et al. (2003, 2004) and Von 
Quadt et al. (2003, in press) proposed that Late Cretaceous 
sedimentary basin formation was initiated along strike-slip 
faults and suggested that the Late Cretaceous magmatism 
and ore formation was related to slab roll-back to the south 
during northward subduction. This scenario is supported by 
the fact that there is a progressive age decrease of magmatic 
and ore forming events starting in the north at about 92 Ma 
and ending at about 78 Ma in the south of Panagyurishte 
mineral district (Kamenov et al., 2003, 2004; Von Quadt et 
al., 2003, in press). Lips (2002) contends that slab roll-back 
operated only from approximately 30 Ma to the present day, 
and that it was back-arc extension which initiated the Late 
Cretaceous magmatism. According to Lips (2002), the low 
density and young age of the subducted lithosphere argue 
against a subducted slab-detachment scenario during the 
Late Cretaceous.
 Jelev et al. (2003) suggested that the Late Cretaceous 
volcanism in the Chelopech area may have formed in pull-
apart basins which initiated along a N50-trending fault 
segment. The detrital sedimentary sequence in the Chelopech 
area which is associated and covered by Late-Cretaceous 
magmatism has been dated by Stoykov and Pavlishena 
(2003) as Turonian, suggesting a rapid development of this 
sedimentary basin and linked volcanism.
 Palynological data on the ﬂysch of the Chugovo 
Formation show a Maastrichtian age for this marine 
sedimentation which overlies the Turonian volcano-
sedimentary complex (Stoykov and Pavlishena, 2004). The 
sedimentation of a ﬂysch sequence during the Maastrichtian 
suggests tectonic activity linked to detrital terrigenous basin 
sedimentation. 
Post-Upper Cretaceous tectonics:
 • The Laramian phase (Antonov and Moev, 1978; 
Ivanov, 1988; Popov and Kovatchev, 1996; Popov and 
Popov, 2000):
 The Late-Cretaceous volcano-sedimentary and 
overlying limestone and ﬂysch units are affected by folding, 
with a WNW orientation. In particular, the Late Cretaceous 
rocks form the Chelopech syncline in the northern part of the 
district. It has a 110-120° strike and its axial plane has a ~70° 
pitch to the south (Antonov and Moev, 1978). Numerous 
faults are developed with the Laramian folds, mostly as 
WNW-oriented thrusts (Fig. 3.3c) such as the Panagyurishte 
and the Elshitsa faults (Popov and Popov, 2000). These 
WNW-oriented faults are associated with diagonal NNW-
oriented, and rare NE-oriented strike-slip faults which are 
essentially developed around the Chelopech area in the 
north. Popov and Popov (2000) assumed that these structures 
reactivated older volcano-tectonic faults in some case. 
Antonov and Moev (1978) interpret the speciﬁc structural 
NE orientation as a result of a “Pre-Upper Cretaceous zone 
of weakness”, formed by sinistral strike-slip movements. 
According to Dobrev et al. (1967) and Tsvetkov (1976), 
gravity and magnetic data reveal a regional, deep-seated 
NNW-oriented fault-zone that coincides with the regional 
alignment of ore deposits in the district (Fig. 3.3c).
 • The Illyrian phase (Antonov and Moev, 1978; 
Ivanov, 1988; Popov and Popov, 2000) or Pyrenean phase 
(Popov and Kovatchev, 1996; Antonov and Jelev, 2001; 
Popov, 2002):
 The Illyrian structures have a limited development 
and deformed the earlier Laramian structures. Antonov and 
Moev (1978) mentioned the forming of the northeastern 
(45-55°) Boudaksurt and Vozdol synclines, and the 
development of NE-oriented Chelopech up-thrust which 
deformed the eastern part of the Chelopech syncline (Popov 
and Kovatchev, 1996; Antonov and Jelev, 1996; Jelev et al., 
2003). Popov et al. (2001) described also dextral strike-slip 
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movement along the N-NW oriented faults. After Antonov 
and Jelev (2001), this stage is dominated by right-lateral 
shearing parallel to the WNW-ESE Laramian thrust fold 
system, suggesting the development of a transpressional 
stress regime, involving a symmetric positive palm-tree 
structure in the Chelopech area.
 • Neo-tectonic structures are formed as a result of 
the vertical block movements in an extensional regime. At 
the present day, the Panagyurishte district is composed of 
different horst and graben structures delimited by regional 
transform faults with a ~ N110-120 orientation and a dextral 
sense of movement (Fig. 3.3c; Ivanov et al., 2001, personal 
communication). One of these structures is the Pirdop graben 
in the southern part of the Chelopech area. It is inﬁlled with 
Pliocene and Quaternary sediments. During this period the 
Stara Planina and Srednogorie Mounts are uplifted (Fig. 
3.3b, Popov et al., 2001). 
The high-sulphidation Cu-Au epithermal 
Chelopech deposit
 The Chelopech deposit is located in the 
northernmost part of the Panagyurishte mineral district, 
about 7-8 km southeast of the major Elatsite porphyry-
Cu deposit. The Chelopech deposit is hosted by a Late 
Cretaceous volcanic and volcano-sedimentary complex, 
transgressively overlaying Precambrian and Palaeozoic 
metamorphic rocks (Fig. 3.4a). The Late Cretaceous rock 
sequence consists of detrital sedimentary rocks derived 
from the basement, and andesitic, dacitic to trachyandesitic 
subvolcanic bodies, lava ﬂows, agglomerate ﬂows, tuffs 
and epiclastic rocks. They are transgressively covered by 
sandstone, argillaceous limestone, and the terrigenous ﬂysch 
sequence of the Chugovo Formation (Fig. 3.4a). The ore 
bodies are hosted by (1) subvolcanic body with an andesitic 
texture and composition, associated with phreatomagmatic 
breccia, and (2) sedimentary rocks with oolithic, biodetrital 
and sandstone layers interbedded with (3) volcanic tephra-
tuff containing accretionary lapilli and pumices (Jacquat, 
2003; Moritz et al., 2003; Chambefort, 2005).
 Laterally outward from the ore bodies, there are four 
alteration assemblages at Chelopech, with (1) an innermost 
silicic zone with massive silica, sparsely developed vuggy 
silica, disseminated pyrite and aluminium-phosphate-
sulphate (APS) minerals; (2) a quartz-kaolinite-dickite zone 
with pyrite, APS minerals, and anatase; (3) a widespread 
quartz-sericite alteration zone; and (4) an external propylitic 
zone. Below the present mining level (about 400 m below 
surface), samples from 2 km deep drill cores (from the 
surface) reveal that the alteration evolves into a diaspore, 
pyrophyllite, alunite, zunyite, rutile, and APS mineral 
assemblage (Petrunov, 1989, 1995; Georgieva et al., 2002).
 The mineralization is characterized by three 
successive ore stages (Petrunov, 1994, 1995; Jacquat, 
2003). The ﬁrst Fe-S stage consists of disseminated pyrite, 
which can become locally very abundant and result in a 
total replacement of the host rocks to form massive sulﬁde 
ore bodies, in particular in more permeable rock units such 
as sedimentary rocks and volcanic tuffs. This early stage is 
followed and partly brecciated by an intermediate Cu-As-
������������
����������
���� ����������������������������
���������
��������� ����������������
����������������������������
������������������� ����������������
����������� ����������������������������������
�������������������������������������������������
������������������������
��������
�����������������������
��������������������������
����������������������������
�����������������������������������
����������������������������
�������������������������
���������� ������������������
��������������������������������������������������������������
���������������������������������������������������
������������������������
�������������������������������
������������������
���������������������������������
�������������������
��������
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Fig. 3.5. Map of the Chelopech area (surface), a. Geological map of the Chelopech area, b. Schematic structural map of the Chelopech 
deposit.
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S stage, predominantly as veins, which is the Au-bearing 
event and constitutes the economic ore mined at Chelopech. 
The mineral assemblage includes enargite, luzonite, 
covellite, goldﬁeldite, chalcopyrite, tennantite, bornite, and 
native gold, which constitutes the main Au carrier (Bonev et 
al., 2002). The late uneconomic Pb-Zn-S stage consists of 
galena, sphalerite, pyrite, chalcopyrite and barite veins. The 
Chelopech Mine produces approximately 700 000 t/year of 
ore with 25 Mt measured and indicated reserves, at 4 g/t 
gold and 1.5% Cu (DPMI data).
 The Chelopech deposit is accompanied by two 
mineralized occurrences. The Charlodere occurrence is 
located about 1 km to the northeast of the Chelopech mine (Fig. 
3.5a), and is considered as an exhumed part of the Chelopech 
deposit by Popov et al. (2000). The authors considered that 
the Charlodere ore bodies are lense-like to shear zone types, 
and probably controlled by radial faults. The occurrence is 
hosted by strongly altered breccia with a volcanic origin 
and a massive andesitic body. The rocks present a propylitic 
alteration with the occurrence of hydrothermal biotite and 
chlorite, grading into a quartz-sericitic alteration and an 
advanced argillic alteration, including alunite (Lerouge et 
al., 2003). The second occurrence is the polymetallic Vozdol 
prospect, about 1 km to the north-northeast of the Chelopech 
deposit (Figs. 3.4a and 3.5a), which consists of base metal 
sulﬁdes, quartz, carbonates, barite and ﬂuorite veins, 
surrounded by a carbonate, adularia and sericite alteration 
zone. This occurrence was considered by Mutafchiev and 
Petrunov (1995) and Popov et al. (2000) as a low-sulﬁdation 
system, and would be reclassiﬁed as an intermediate-
sulﬁdation occurrence according to the new terminology 
of Hedenquist et al. (2000). The spatial association of the 
polymetallic Vozdol occurrence and the Chelopech deposit 
is analogous to other base-metal veins at the periphery of 
high-sulphidation systems (Sillitoe, 1999; Hedenquist et al., 
2000, 2001).
The Chelopech structural setting
 Figure 3.6 is a geological and structural map of the Chelopech deposit by Popov and Kovatchev (1996), and shows 
that these authors have also described volcanotectonic radial and concentric faults in the central part of the volcanic ediﬁce of 
Chelopech, in addition to the linear faults. The activation of these faults and the associated intense fracturing and brecciation, 
have been attributed by these authors to the formation of a caldera and the intrusion of several subvolcanic bodies along with 
the development of the mineralization. The authors described post-ore volcanic rocks, termed the Vozdol member, which are 
interpreted to intersect hydrothermal altered rocks and the ore bodies in the northwestern part of the deposit (Fig. 3.6).
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Fig. 3.6. Underground geological plan of the Chelopech deposit according to Popov and Kovachev (1996).
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Description of the fault system
 The investigations on the Chelopech tectonic system discussed in this contribution are limited to the north by the 
so-called “Petrovden fault” and to the south by the Chelopech thrust (Fig. 3.5). Figure 3.3c presents a structural map for 
Fig. 3.7. Interpretative structural map of the Chelopech mine, level 405.
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the Panagyurishte mineral district based on 
data from Popov and Popov (2000), whereas 
Figures 3.5b and 3.7 show in detail the new 
interpretative structural maps of both the surface 
and underground of the Chelopech deposit. The 
Chelopech deposit is overlain by folded Late 
Cretaceous sedimentary rocks of the Chelopech 
Syncline, including the Chugovista, Mirkovo 
and Chelopech Formations (Fig. 3.4a). The 
axial plane of the syncline has a N110-120° 
orientation in the western part, and has been 
affected by Pyrenean deformation in the eastern 
part (Antonov and Jelev, 2001) which induced 
a change in the plane orientation from N110 to 
N70°, associated with the Vozdol syncline in the 
sandstone of the Chelopech formation. 
 Three principal fault orientations have 
been recognized in the Panagyurishte mineral 
district, which are also present in the Chelopech 
area (Popov and Popov, 2000; Ivanov and 
Dimov, 2002; Jelev et al., 2003; this study): 
(1)~NE-oriented faults, termed F
1
 in this study, 
which include the Chelopech thrust, 
(2)~EW-oriented faults, termed F
2
 in this study, 
essentially subvertical, and which are parallel to 
the regional EW-orientation of the Srednogorie 
belt,
(3)~N155 faults, termed F
3
 in this study, parallel 
to the regional NNW-alignment of the ore 
deposits of the Panagyurishte mineral district.
 These three fault orientations are 
identical to the major fault orientation described 
by Popov and Kovachev (1996) in the Chelopech 
area. They are also recognized in the entire 
Panagyurishte district (Fig. 3.3c). 
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Fig. 3.8. a, b, c, d. Associated deformations with the F1 fault system. a. C-S structures in the ﬂysch of the Chugovista Formation, b. Fold in 
ﬂysch of the Chugovista Formation, Chugovista valley, c and d. Thrust structure seen in the mine galleries.
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Our measurements at Chelopech show that:
 F
1
 faults (highlighted in grey in all ﬁgures) have a 
~N20 to N55 orientation, and dip approximately 40 to 50° 
to the South. They are thrusts or reverse faults (Figs. 3.8 a, 
c, d) and are generally associated with meter-scale to several 
tens of meter-sized folds (Fig. 3.8b). C-S structures are 
recognized along the fault planes (Figs. 3.8 a, c, d), which 
are characteristic of ductile deformation in a compressional 
stress regime. The folds are developed in the Late Cretaceous 
sedimentary cover, and are thus post-volcanic structures, 
with the fold axes possessing the same orientation as the F
1
 
faults (Fig. 3.9, surface data stereograph). This fault system 
is also characterized in some places by sinistral strike-slip 
movement along the major Chelopech Thrust, as shown 
by the thrust slices at the Charlodere occurrence and in the 
southern part of the Chugovista Valley (Fig. 3.5b). After 
Popov and Popov (2000) and Antonov and Jelev (2001), 
these faults can be related to the Illyrian phase, also named 
Pyrenean tectonic phase.
 F
2
 faults (highlighted with irregular dashed line in 
all ﬁgures) have a ~N90 to N110 direction with a subvertical 
to 60° southward dip. They are sub-parallel to the E-W 
orientation of the Srednogorie belt (Figs. 3.3c, 3.5 and 3.7) 
and are conjugate dextral and sinistral strike-slip faults. The 
sense of movement along the F
2 
faults is not possible to 
determine from surface exposures; however in underground 
exposures they display essentially a dextral strike-slip 
movement (Fig. 3.7). With respect of their orientations, 
this fault family can be considered as the Laramian WNW-
oriented thrusts described by Antonov and Moev (1978) and 
Popov and Popov (2000). However no evidence of thrust 
characteristic has been found in this study.
F
3
 faults (highlighted with dashed line in all ﬁgures) 
are characterized by a ~N135 to N170 direction with a vertical 
to 60° dip to both the east and west (Figs. 3.5 and 3.7). They 
form a conjugate system, with the dextral F
3
 faults having a 
NE-directed dip and the conjugate sinistral F
3
 faults having 
a SW-directed dip. F
3
 faults are sub-parallel to the regional 
ore deposit alignment in the Panagyurishte mineral district 
(Fig. 3.3c). Popov and Popov (2000), Popov et al. (2001), 
and other authors (Antonov and Jelev, 2001; Jelev et al., 
2003) described the same fault orientation associated with 
Laramian and Illyrian strike-slip movement.
 Figure 3.9 displays equal area stereographs for the 
three principal fault generations identiﬁed from surface and 
underground mapping. F
1
 is the most common fault system 
and, together with the Chelopech Thrust, determines the 
present day geometry of the southern ﬂank of the Chelopech 
syncline (Figs. 3.4a, 3.5). 
 Fault orientations measured in the mine galleries 
exhibit a strong dispersion. Therefore, for the sake of clarity, 
underground faults are plotted on separate stereographs for 
each of the exploitation blocks (Fig. 3.9). The three fault 
types were observed in every exploitation block that was 
mapped.
 F
3
 faults are predominant in block 17 on level 395 
(Figs. 3.7, 3.9), the orebody of this block is completely 
overprinted by this fault system. F
1
 and F
2
 fault types are also 
present, notably on level 405, where faults exhibit a wide 
variety of orientations. Figure 3.10a shows the structural 
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��������Fig. 3.9. Fault plane projections on equal area, lower hemisphere 
stereographs, for surface faults and faults in each of the exploitation 
blocks (numbers indicate the exploitation block and the level, 
respectively). Faults in mine galleries are displayed as pole 
projections for the sake of clarity.
relationships of the ore body in block 17 on level 405 with 
the different fault populations. The ore body is essentially 
delimited by faults. F
1
 and F
2
 faults determine the western 
and southern borders of the block, and they are displaced by 
F
3
 faults. 
 Blocks 18 and 17 are less faulted than the blocks in 
the southwestern part of the mine such as blocks 151, 150 
and 103 (Fig. 3.7). Faults in block 151 on levels 400 and 
405 are predominantly of the F
1
 type. Figure 3.10b displays 
a detailed structural map from block 151 on level 405. The 
southern limit of the ore body is controlled by an extensive 
F
1
 fault zone. The ore body is essentially developed in altered 
volcanic tuff and sedimentary rocks. Similarly to blocks 
17 and 18, the orebody of block 151 is overprinted by F
3
 
faults. The southern limits of each ore body are in general 
more intensively faulted than the northern ones (Fig. 3.10b, 
Arizanov, personal communication, 2001).
Relative fault chronology
 The chronology of the different fault generations 
and the geometric relationships among them are not obvious 
in the ﬁeld. Different cross sections have been produced 
to determine these different geometric relationships 
(Fig. 3.4). They are based on surface and underground 
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mapping, drillcore descriptions, 3D GEMCOM models 
and preexisting cross-sections of the Chelopech deposit 
(Mutafchiev and Petrunov, 1996; Popov and Kovatchev, 
1996). These cross-sections were oriented perpendicular to 
a given fault set. For example, the cross-sections on Figures 
3.4a and b, are perpendicular to the orientation of the F
1
 
fault system, whereas the cross-section on Figure 3.4c is 
perpendicular to the orientation of F
2
 and F
3 
fault systems. 
One has to keep in mind that the Panagyurishte district 
has been subject to different deformation stages (Popov 
and Popov, 2000; Antonov and Jelev, 2001). Therefore, 
the present-day kinematics revealed by the faults is only 
representative of the latest stage(s) of the tectonic evolution 
of the Panagyurishte district, in particular the dextral strike-
slip tectonics described by Ivanov et al. (2001) and late-
stage fault relaxation.
 It appears that F
1
 faults are characterized by a 
reverse sense of movement associated with maximum 
vertical displacements of several hundred meters, which 
also overprint the Late Cretaceous post-mineralization 
sedimentary rocks covering the ore deposit, including 
the Mirkovo and Chugovo Formations (Fig. 3.4a). The 
siliciﬁed zone, which deﬁnes the innermost part of the 
alteration underground, has been intensely deformed by the 
F
1
 faults. The Chelopech deposit has been probably tilted 
during this deformation stage, associated to the Pyrenean 
Stage according to Popov and Kovatchev (1996). Detailed 
mapping of blocks 17 and 151 on level 405 (Fig. 3.10) 
shows that movement along the F
1
 and F
3
 faults displaces 
different parts of the ore bodies with respect to each other 
and in some places crosscut the F
2
 faults (Fig. 3.10a). Our 
mapping shows that the long axes of the ore bodies, the 
breccia bodies and the siliciﬁed zones are sub-parallel to 
the orientation of the F
1
 and F
2
 faults (Fig. 3.7). Therefore, 
we conclude that the F
1
 and F
2
 fault systems controlled the 
emplacement of the ore bodies during the Late Cretaceous, 
with the F
1
 faults being reactivated as thrusts or reverse 
faults during the Alpine orogeny, after magmatism and ore 
formation. The F
2
 faults exhibit the same orientation as the 
EW-elongation of the Srednogorie belt, considered as a 
subduction-related volcanic belt (see above). Therefore it is 
coherent to consider this fault system as directly linked to 
Late Cretaceous magmatism and thus mineralization.
 Figure 3.4b shows a cross-section through the 
Charlodere occurrence (Fig. 3.5), where the ore bodies and 
the siliciﬁed zones have a NE elongation with a northern 
dip, which contrasts with the southern dip of the Chelopech 
ore bodies (Fig. 3.4a). The Charlodere ore bodies have 
been affected by F
1
 thrust movement after their formation, 
such as the Chelopech ore bodies. On the basis of drillcore 
description from Charlodere, siliciﬁed and mineralized zones 
were folded by this NE-oriented fault family.  The present-
day surface location of the Charlodere occurrence (Fig. 
3.4b) can be explained, if we consider that the Charlodere 
mineralization is a slice of the Chelopech deposit, by dextral 
strike-slip thrust movements, as a positive ﬂower structure 
(Woodcock and Fischer, 1986) along the “Chelopech 
Thrust”, which has uplifted and exposed this particular 
mineralized zone to the surface. 
 Figure 3.4c displays a cross section perpendicular 
to the F
3
 faults, along the exploitation blocks 151, 150, 
17 and 18. It clearly shows that the F
3
 faults overprint 
the Chelopech deposit with a normal sense of movement 
and delimit the present-day geometry of the deposit. The 
siliciﬁed zone was displaced by F
3
 faults. However, the 
cross-section on Figure 3.4c still, clearly reveals a sub-
horizontal geometry of the siliciﬁed zone which is akin to 
typical, sub-horizontal “mushroom shapes” of alteration 
zones described in numerous epithermal high-sulﬁdation 
deposits (e.g. Sillitoe, 1997, 1999; Corbett and Leach, 1998; 
Hedenquist et al., 2000), and maybe related to a lithological 
control of the alteration. Thus, although the deposit appears 
to be crosscut by the F
3
 faults, the displacement along them 
was relatively small, still as shown by southwest-oriented 
sections.
 The F
1
 faults were reactivated during deformation 
events post-dating magmatism and mineralization. The 
F
3
 faults accommodated the thrust deformation during 
reactivation of the F
1
 faults as thrusts or reverse faults and 
they appear to have accommodated the thrust deformation 
as transfer faults (Fig. 3.11). The F
3
 faults are characteristic 
of transtensional strike-slip faults, associated with a normal 
movement. Although, one may attribute a late timing to the 
F
3
 faults based on present-day, crosscutting relationships 
among the faults, the regional north-northwest ore deposit 
alignment of the Panagyurishte district is parallel to the 
orientation of the F
3
 faults. Therefore, they are linked to a 
regional ore deposit control that was certainly active during 
the start of ore formation in the northern Panagyurishte, i.e. 
when the Chelopech deposit was formed.
 In conclusion, the relative chronology among the 
F
1
, F
2
 and F
3
 faults cannot be deduced anymore due to the 
Fig. 3.11. Structural interpretative map of the western part of the 
Chugovista Valley, showing the relationship between F1 and F3 
faults, the number 1 and 2 of the Chelopech thrust movements 
correspond respectively to a compressional stage follow by an 
extensional stage.
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Late Cretaceous-Tertiary overprint as a consequence of the collision of 
the Rhodopes with the Srednogorie zone (Ivanov, 1988; Ricou et al., 
1998), the late Illyrian structures (Popov and Popov, 2000; Antonov 
and Jelev, 2001), and the late dextral strike-slip tectonics (Ivanov et 
al., 2001).
Geodynamic evolution of the Chelopech deposit 
and regional overview: a discussion
Chelopech evolution
 The tectonic evolution of the Chelopech system can be 
summarized in four different stages (Fig. 3.12):
 1- The shape of the alteration and mineralized zones, and 
the orientation of the hydrothermal breccia bodies show that the 
Chelopech hydrothermal system was structurally controlled by ~N55 
oriented F
1
 faults, and ~N110 oriented F
2
 faults which are sub-parallel 
to the E-W elongation of the Srednogorie belt (Fig. 3.7). This new 
observation suggests that these two fault families were already present 
and active, before Tertiary overprinting of the Chelopech deposit. 
The volcano-sedimentary units, which host the Chelopech deposit 
and overlay the latter, are characteristic of detrital terrigenous basins 
(Aiello et al., 1977). The authors suggest that the sedimentation and 
magmatism took place in an intra-arc domain.
We have no evidence to determine the Late Cretaceous tectonic 
environment during volcanism and sedimentation; however we can 
propose that the Chelopech deposit was formed in an extensional 
system according to sedimentation characteristics, likely in a pull 
apart-basin along F
1
 and F
2
 faults (Fig. 3.12a), as it was suggested by 
Jelev et al. (2001) in a sinistral transtensive system. 
 2- A change in the principal stress orientations resulted in a 
switch to a probable dextral transpressional strike-slip duplex system 
along F
3
 faults (Segall and Pollard, 1980; Woodcock and Fischer, 
1986), thus in the reactivation of the F
1
 faults as dextral strike-slip 
faults and the development of thrusts along F
2
 faults (Fig. 3.12b). This 
stage is marked by the formation of folds with a WNW-oriented axial 
plane in the Maastrichtian sedimentary cover (Fig. 3.4a), such as the 
Chelopech syncline, suggesting a roughly NE-orientated compression. 
This stage is related to the Laramian tectonic phase according to 
Antonov and Moev (1978), Ivanov (1988), Popov and Popov (2000) 
and Antonov and Jelev (2001). 
 3- A change in the orientation of the principal compressional 
stress axis, from roughly NE to NW, resulted in a switch to a dextral 
transpressional strike-slip duplex system (Segall and Pollard, 
1980; Woodcock and Fischer, 1986), thus in the reactivation of the 
mineralized F
1
 faults as reverse faults or thrusts during compressive 
deformation (Fig. 3.12c), and in a dextral movement along the F
2
 
faults. This stage also produced folds and faults in the Maastrichtian 
sedimentary cover, such as the Vozdol syncline (Fig. 3.4a). The 
Eastern part of the Chelopech syncline was overprinted by this event, 
related to the Pyrenean tectonic stage (Popov and Kovatchev, 1996; 
Jelev et al., 2003). The F
3
 faults are associated with the reactivation of 
the F
1
 faults as thrusts. They possibly accommodated this deformation 
as transfer faults. This stage overprints the initial geometry of the 
Chelopech deposit, and provoked the tilting of the deposit.
 4- At the present day, the Chelopech area is characterized by 
an extensional regime. Some of the F
1
 faults are reactivated as normal 
faults, as documented by the change in kinematics of the Chelopech 
Thrust to a normal fault along the southern margin of the Chelopech 
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Fig. 3.12. Schematic tectonic evolution of the Chelopech 
deposit. a. Late Cretaceous sinistral transtensional 
duplex system and setting of the magmatism and the 
mineralization. b. Tertiary Alpine Laramian phase, 
formation of WNW-oriented thrusts (F2) and associated 
N110° folds (formation of the Chelopech syncline). c. 
Tertiary Alpine Pyrenean phase dextral transpressional 
duplex, with formation of thrust slices (F1) and associated 
folds post-dating ore formation, development of folds with 
NE-oriented axial plane. d. Late Alpine-Neotectonic dextral 
transtensional duplex, extensional system, reactivation of 
the Chelopech thrust fault as a normal fault.
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Syncline (Figs. 3.5,  3.12d). This change can be due to a 
dextral transtensional strike-slip system resulting in the 
formation of horsts and grabens in the entire Panagyurishte 
mineral district (Ivanov et al., 2001), and the formation of 
Cenozoic sedimentary basins and uplift of the Paleozoic 
basement (Figs. 3.3b, c). These ~N100 oriented strike-slip 
faults, such as the Iskar-Yavoritsa Shear Zone fault, are 
parallel to the F
2
 faults  (Fig. 3.3c; Ivanov et al., 2001) and 
are contemporaneous with movement along the F
3
 strike-
slip faults. 
Geodynamic setting of the Panagyurishte mineral 
district 
 To discuss and understand the geodynamic 
evolution of the Chelopech deposit it is necessary to consider 
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���������Fig. 3.13. a. Cross section of the Radka deposit (after Popov and Popov, 1997; Tsonev, 2000; Kouzmanov et al., 2002; Moritz et al., 2004); b. Cross section of the Elshitsa deposit (after Chipchakova and Stefanov, 1974; Moritz et al., 2004).
the deposit on a regional scale, with respect to both the E-
W oriented Srednogorie belt and the NNE-SSW ore deposit 
alignment of the Panagyurishte mineral district.
 The Radka and Elshitsa deposits of the southern 
Panagyurishte mineral district (Figs. 3.3) have an orientation 
of the ore bodies that are in agreement with the previously 
described fault system. The Radka ore bodies follow a 
~N130 orientation with a northern dip, i.e. parallel to the 
F
2 
fault system (Fig. 3.13a; from Popov and Popov, 1997; 
Tsonev et al., 2000; Popov, 2000; Kouzmanov et al., 2002). 
The Elshitsa deposit is hosted by a N110-115° dacitic 
subvolcanic body, which is parallel to the F
2
 fault system. 
The Elshitsa ore bodies present the same orientation (Fig. 
3.13b; from Chipchakova and Stefanov, 1974; Kouzmanov, 
2001). 
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 It appears that most of the Panagyurishte epithermal 
deposits are locally controlled by the same F
1
 and F
2
 fault 
systems, and are aligned regionally parallel to the NNW-
oriented F
3
 fault pattern (Fig. 3.14). The NNW-SSE ore 
deposit alignment of the Panagyurishte mineral district is 
probably controlled by a deep structural weakness which was 
responsible for the regional distribution of ore deposits in the 
corridor (Dobrev et al., 1967; Tsvetkov, 1976). Recent U-Pb 
zircon dating shows that magmatism started in the northern 
part at Elatsite at 92.1 ± 0.3 Ma (Fig. 3.14), and migrated 
in time to the southern Panagyurishte district, ending at the 
margin of the Rhodope Massif with the emplacement of the 
Capitan Dimitrievo intrusion at 78 Ma (Von Quadt et al., 
2002, in press). This north to south migration of magmatism 
likely goes in parallel with the successive formation of three 
pull-apart basins linked to the development of F
2
 strike-slipe 
fault systems (Popov and Popov, 2000; Lips et al., 2004), 
which are parallel to the regional Srednogorie orientation 
(Fig. 3.14). 
 It appears that the tectonic environment inferred for 
the Chelopech deposit during Late Cretaceous magmatism 
and ore formation, can probably also be extended to the other 
mineralized belts in the central and southern Panagyurishte 
district. 
 Late Cretaceous tectonic setting linked  
 with syn-arc magmatism and associated  
 mineralization
 Figure 3.15 is modiﬁed from Tosdal and Richards 
(2001) and displays a schematic diagram illustrating the 
relationship among convergent margin tectonics, upper 
plate structure and magmatism during the evolution of the 
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���������Fig. 3.14. Principal tectonic orientations of the Panagyurishte mineral district in the Srednogorie belt, U-Pb age for Elatsite and Capitan 
Dimitrievo from Von Quadt et al. (2003, in press).
Panagyurishte mineral district. Tosdal and Richards (2001, 
2002) proposed a new structural model for the development 
of porphyry-Cu and high-sulﬁdation epithermal deposits. 
 Tosdal and Richards (2001, 2002) suggested that 
the formation of such deposits is favored during a relaxation 
of regional stress conditions. When the subduction setting 
is characterized by arc-normal compression, the major arc-
parallel structures will be closed, while during extensional 
or transtensional stress periods these structures provide 
enhanced permeability and therefore favor magma 
emplacement in the crust. The intersections of different 
fault generations in a transtensional regime will favor the 
development of strike-slip duplexes (Woodcock and Fischer, 
1986) and can result in the formation of pull-apart basins. 
 The Panagyurishte magmatism started in the 
north with the emplacement of the Elatsite and Chelopech 
dykes and subvolcanic bodies at maximum intrusions ages 
of 92.1 ± 0.3 Ma (Von Quadt et al., 2002) and 92.3 ± 0.5 
Ma (Fig. 3.15a; Stoykov et al., 2004; Chambefort, in prep) 
respectively. Some dykes have been described with an E-W 
orientation (Popov et al., 2000), which is parallel to the F
2
 
faults and therefore to the Srednogorie belt orientation.  
 An oblique subduction direction can generate 
transtensional strike-slip duplexes along major arc parallel 
faults delimited by strike-slip faults (Tosdal and Richards, 
2001). In the case of the Panagyurishte mineral district, the 
WNW to E-oriented F
2
 faults are interpreted as major arc 
parallel faults, and the NE-oriented F
1
 faults are considered 
as the strike-slip faults delimiting the major arc parallel faults 
(Figs. 3.14 and 3.15). The F
1
 strike-slip faults initiated the 
formation of pull-apart basins, and allowed emplacement of 
magmatic rocks at Elatsite and Chelopech.
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Fig. 3.15. Relationship between convergent margin tectonics, upper plate structure, and magmatism for the Panagyurishte mineral district 
evolution; localized zone of extension may be optimized during transtensional strain along arc-related structures (MASH: melting, assimilation, 
storage and homogenization; modiﬁed from Tosdal and Richards, 2001). a. Development of the Chelopech-Elatsite strike-slip system, b. 
Migration of the strike system to the South and development of the Panagyurishte -Assarel stripe, and c. Development of the southern Elshitsa-
Radka strike-slip system.
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 The NNW-alignment of the Panagyurishte 
magmatic rocks and of the associated ore deposits is likely 
explained by the migration of magmatism through time 
along a deep seated structure, parallel to the orientation 
of the NNW-oriented F
3
 faults (Fig. 3.15b). The migration 
of magmatism with time from North to South along the 
Panagyurishte deep structure could be explained by roll-
back of the subducting slab (Kamenov et al., 2003a, 2004; 
Von Quadt et al., 2003, in press). A second sinistral strike-
slip duplex is formed south of the Chelopech-Elatsite 
stripe, along the Panagyurishte alignment, and resulted in 
magmatism and ore formation in the Assarel-Panagyurishte 
stripe (Fig. 3.15b).
 The continued southward migration of the roll-back 
of the subducting slab along the direction of the F
3
 faults 
resulted in the formation of the southern Elshitsa-Radka 
stripe (Fig. 3.15c). This south-directed roll-back could 
have generated extensional stress in the northern and oldest 
parts of the district, and could explain the sedimentation of 
volcanogenic sandstone of the Chelopech Formation, which 
was probably linked to the destruction of the volcanic ediﬁce 
at Chelopech (Stoykov and Pavlishina, 2003).
 This continuous roll-back of the subducting slab, 
which probably caused the southward migration through 
time of the Panagyurishte magmatism, also thinned the 
crust in the Elshitsa-Radka stripe. This may have provoked 
an increasing mantle component in the upwelling magma, 
as documented by recent petrological studies revealing 
mingling of andesitic and basaltic melts, with typical 
mantellic components in southern parts of the Panagyurishte 
mineral district (Kamenov et al., 2003a; Peytcheva et al., 
2003; Von Quadt et al., in press).
 Tertiary (post-volcanism) dextral strike- 
 slip development
 The volcano-sedimentary Chelopech Formation, 
the reddish limestone of the Mirkovo Formation and the 
Chugovista Formation ﬂysch, have been related to post-
subduction rifting (Popov and Popov, 1997, 2000). The 
evolution of the subduction may have resulted in the 
development of sedimentation in a back-arc environment.   
 The structural evolution of the entire Panagyurishte 
mineral district is reﬂected on a local scale by that of the 
Chelopech area, which is characterized by a change in 
stress orientations at the end of magmatism. This change in 
orientation resulted in the development of a transtensional 
strike-slip system, along the F
2
 arc-parallel faults (Ivanov 
et al., 2001). This strike-slipe system could be associated 
with either extensional or compressional displacements. 
The Chelopech extensional pull-apart stage is followed by 
a transpressive system associated with the reactivation of 
the F
1
 faults as thrust faults and the development of dextral 
strike-slip movements along the F
3
 faults. However this 
transpressive stress regime has not been described in other 
deposits in the Panagyurishte district, thus it is suggested 
that the Chelopech deposit was sited on a transpressive 
offset of a general transtensive dextral strike-slip system 
(Segall and Pollard, 1980; Sylvester, 1988). The dextral 
strike-slip movement along the F
3
 faults is thought to be due 
to regional extension in the Panagyurishte mineral district. 
 Lips et al. (2004) determined two distinct age 
ranges from 40Ar/39Ar dating of magmatic and hydrothermal 
minerals from the Panagyurishte porphyry-Cu deposits. They 
suggested two discrete episodes of magmatic-hydrothermal 
activity, one at ~90 Ma with the emplacement of the majority 
of the plutonic rocks, and the other one at ~80 to 79 Ma. 
However, no evidence of magmatic activity at 80 Ma has 
been found in the Panagyurishte mineral district, except in 
the southernmost part at Capitan Dimitrievo (Kamenov et 
al., 2003b; Von Quadt et al., in press). These anomalously 
young 40Ar/39Ar ages of around 80 Ma may correspond to a 
thermal resetting of the alteration minerals, possibly due to 
later tectonic activity, in the northern part of the district.
 The present-day geometry of the Chelopech 
deposit is characterized by NE-oriented thrusts and reverse 
faults with essentially southward dips (Fig. 3.4a). Older 
magmatic rocks have been thrusted on younger ones. We 
can propose that undiscovered mineralized zones of the 
Chelopech deposit could have been covered by presently 
exploited ore bodies. Furthermore, Tertiary transtensional 
dextral displacements along NNW-oriented F
3
 faults, i.e. 
parallel to the Panagyurishte alignment, have also affected 
the mineralized system. Thus, undiscovered ore bodies may 
be located at deeper structural levels northwesterly with 
respect to the present mine, such as beneath block 19E (Fig. 
3.7) and in the southeastern parts of the Chelopech syncline 
(Fig. 3.4a).
Conclusions
 This study proposes a new structural evolution 
for the Chelopech deposit, showing a strong structural 
control during the development of mineralization. The 
Chelopech epithermal high-sulﬁdation deposit was formed 
in a transtensional sinistral strike-slip system, which formed 
in a typical pull-apart basin, in agreement with the model 
of Antonov and Jelev (2001). The Chelopech deposit was 
developed along ~N45 trending faults, which characterize 
the southern limit of the Chelopech syncline and ~N110 
trending faults, parallel to the Srednogorie belt orientation. 
As stated previously by Jelev et al. (2003), no evidence of 
concentric faults has been found to suggest the formation of 
a caldera during Late Cretaceous magmatism, as proposed 
earlier by Popov and Kovatchev (1996). 
 A change in orientations of the stress axes 
during the Late Cretaceous affected the initial geometry 
of the Chelopech fault system. This change is related to a 
compressive stage in a dextral strike-slip system. The N45-
oriented faults, which controlled the development of the 
mineralization, were reactivated as thrusts ore reverse faults, 
with essentially a southern dip.  They overprinted the ore 
deposit, and were associated with dextral strike-slip faults 
parallel to the regional NNW-alignment of the ore deposits 
in the Panagyurishte mineral district. This compressive 
stage has thrusted altered rocks from deeper structural levels 
onto mineralized rocks from shallower levels. Thus, the NE-
oriented lithological contacts are generally faulted and do 
not reﬂect the initial geometry of the Chelopech volcanic 
system. 
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 A ﬁnal change in the orientation of the regional 
stress axes resulted in transtensional dextral strike-slip 
movement and general extension in the Chelopech area. 
This stage is associated with the formation of Cenozoic 
sedimentary basins which bound the Chelopech syncline to 
the south, and also the uplifted basement rocks exposed in 
one of the northern horsts (Fig. 3.3b). 
 The rapid deposition of Late Cretaceous sedimentary 
rocks at the end of the magmatic activity (Figs. 3.4a, c; 
3.15c) has probably preserved the Chelopech epithermal 
high-sulﬁdation deposit from erosion, as suggested 
similarly by Kesler et al. (2004) for the Late Cretaceous 
Camagüey Au-Ag district, Cuba. This sedimentation also 
determines a minimum Turonian age of the Chelopech 
deposit (Stoykov and Pavlishina, 2003, 2004), and suggests 
a rapid sedimentation after volcanism and high-sulﬁdation 
ore formation. The late tectonic activity, which has thrusted 
older andesitic rocks on the Chelopech mineralization, 
has also contributed to the preservation of the Chelopech 
deposit.
 The Panagyurishte magmatism was developed 
from North to South in three different stripes, as a result 
of slab roll-back linked to oblique convergence, during a 
period of approximately 10 Ma. 
 The local structural evolution deduced from the 
Chelopech deposit is contrasted with the geologic evolution 
of the Panagyurishte mineral district. Ore deposits of the 
central and southern parts of the Panagyurishte mineral 
district are essentially controlled by WNW-oriented faults 
(Moritz et al., 2004), parallel to the orientation of the F
2
 
fault system, whereas the Chelopech deposit also shows a 
structural control by the NE-oriented F
1
 faults. The F
1
 faults 
in the Chelopech region are essentially recognized as thrusts 
at the present day, linked to the Tertiary transpressional 
tectonic activity. The southern Panagyurishte deposits 
probably have not been overprinted by this compressive 
tectonic stage, or evidence of this deformation have been 
eroded.
 The Chelopech deposit can be compared with 
other structurally-controlled world-class ore deposits, such 
as the Lepanto epithermal high-sulﬁdation deposit in the 
Philippines (Corbett and Leach, 1998; Hedenquist et al., 
1998). The Lepanto deposit is also sited in a dilatational 
sinistral strike-slip fault system (Mitchell and Leach, 1991), 
which facilitated hydrothermal ﬂuid ﬂow. These types 
of deposits are mostly developed in strike-slip systems 
(Corbett and Leach, 1998; Sillitoe and Hedenquist, 2003). 
This study is in agreement with recent studies of Sillitoe 
and Hedenquist (2003) and Kesler et al. (2004) stating 
that high-sulﬁdation epithermal deposits are favored and 
controlled by transtensional pull-apart basin systems in a 
volcanic arc associated with an oblique subduction. Older 
deposits, such as Chelopech deposit, can be preserved by 
basin sedimentation or late tectonic events, in agreement 
with the conclusions of Kesler et al. (2004).
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Abstract
 A detailed ﬁeld and petrographic study of the host rocks of the Chelopech deposit has been used to identify the control 
by the different rock types on brecciation processes and mineralization features.  The Chelopech magmatic activity and the 
associated epithermal high-sulﬁdation deposit occurred at about 91 Ma.  Chelopech belongs to the Panagyurishte ore district 
in the Eastern European Banat-Srednogorie metallogenic belt. Field and petrographic studies have identiﬁed hypabyssal 
rocks with andesitic texture, phreatomagmatic breccia, pyroclastic and sedimentary layers. Furthermore, this study shows that 
volcanic tuff and interbedded sedimentary rocks host a preferentially massive sulﬁde replacement bodies, whereas veins are 
mostly developed in the andesitic hypabyssal body and the phreatomagmatic breccia. These observations show an important 
lithological control of the mineralization at Chelopech. A classiﬁcation of different breccia types observed at Chelopech has 
allowed us to characterize the control of these different rock types on brecciation processes associated with the magmatic and 
hydrothermal system related to ore formation. The formation of hydrothermal breccia is also controlled by early mineralization 
ore stages such as massive sulﬁde replacement zones. The development of the different hydrothermal breccia can be described 
in a three stages scenario. Hydrothermal injection breccias are formed at the beginning of the hydrothermal system and are 
mostly developed in andesitic rock and phreatomagmatic breccia. This breccia is formed at the same period as massive 
sulﬁde replacement in volcanic tuff and sedimentary rocks.  This ﬁrst breccia stage is followed by the development of the 
secondary polymictic hydrothermal breccias, which are formed in all rock types and are coeval with the economic Cu-As-S 
Au-bearing ore stages of the Chelopech deposit. Latter secondary mineralized breccia and veins are emplaced and controlled 
by preexisting breccia conduits and massive sulﬁde zones, and are also linked to the economic ore stage. 
 Four principal evolution stages of the Chelopech deposit are characterized with these different ﬁeld and petrographic studies. 
A ﬁrst stage during the development of the Chelopech volcanism in a lake or in a coastal, shallow sea, environment is 
associated with the formation of the phreatomagmatic breccia, intruded by hypabyssal bodies with andesitic texture. This 
stage is followed by the development of the hydrothermal system involving the formation of the different hydrothermal 
breccia types, the alteration and, the mineralization stages. A third stage is characterized by the end of volcanism and the 
destruction of the volcanic ediﬁce, associated with the pull-apart basin opening, this stage is followed by a compressive stage 
which deformed all these different units.
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Introduction
 
In several deposits with a magmatic origin, it is thought 
that the presence of volcanic and/or hydrothermal breccias 
can channel the main mineralizing ﬂuids (Sillitoe, 1985). 
Breccias provide favorable access for permeating ﬂuids 
and may, thereby, control high-grade mineralization (Taylor 
and Pollard, 1993). However, brecciation events may also 
overprint previous volcanic or hydrothermal breccias and 
mineralization events, and can thus change the initial ore 
body geometry and the initial volcanic sequence of rock 
units. The geometry, character and formation of ore-hosting 
breccia in hydrothermal systems vary widely, and can be 
a function of the initial rock units, their alteration states 
and the occurrence of previous mineralizing events. Recent 
studies on the relationship between volcanic setting and 
ore deposit type (Corbett and Leach, 1998; Sillitoe and 
Hedenquist, 2003) have demonstrated the strong control 
of the initial volcanic system on breccia development and 
mineralizing processes. The character and origin of the 
different volcanic rocks, andesitic/dacitic composition, 
volcanic and hydrothermal breccias, are similar in most 
magmatic systems hosting epithermal high-sulﬁdation 
deposits. Thus, the presence of these different rocks can 
control the geometry of the mineralization, such as veins, 
massive sulﬁde replacement and dissemination. Numerous 
epithermal high-sulﬁdation deposits have been described as 
lithologically controlled, with or without a structural control 
(Waﬁ project, Papua New Guinea, Leach and Erceg 1990, 
Erceg et al., 1991; Nansatsu deposit, Japan, Hedenquist et 
al., 1988, 1994; Peak Hill, Eastern Australia, Degeling et 
al., 1995, Walshe et al., 1995). Volcanic and hydrothermal 
breccias are generally deﬁned according to the classiﬁcations 
of Sillitoe (1985), Baker et al. (1986), Cas and Wright 
(1987), Taylor and Pollard (1993) and Corbett and Leach 
(1998). 
 The Late Cretaceous Chelopech deposit, 
Srednogorie belt, Bulgaria, which is characterized by 
different geometries of mineralization including veins, 
dissemination, massive sulﬁde lenses (Mutafchiev and 
Petrunov, 1996) and different breccia types, is of particular 
interest for studying the control of initial rock units and 
previous mineralization episodes on hydrothermal breccia 
development and mineralization types in an epithermal 
high-sulﬁdation environment. 
 The Chelopech deposit, which has been mined since 
1954, is spatially and temporally associated with porphyry-
Cu and epithermal deposits within the Panagyurishte 
mineral district (Bogdanov, 1984). This district is a highly 
productive area of the Banat-Srednogorie metallogenic belt, 
where 95 percent of the Bulgarian copper and gold has been 
produced (Mutafchiev and Petrunov, 1996). The Chelopech 
Au-Cu epithermal high-sulﬁdation deposit is one of the 
largest gold-producing mines in Europe, with estimated 
reserves of over 3.8 million ounces of gold and 0.5 million 
tons of copper, at an average grade of 3.8 g/t Au and 1.6 % 
Cu (Dundee Precious Metal.Inc data). 
 The dominant host rocks are phreatomagmatic 
breccia and hypabyssal andesites, along with associated 
volcanic tuff and interbedded sedimentary rocks. These 
different rock units host different mineralization types and 
control the formation of associated hydromagmatic breccias. 
The paragenetic sequence of the mineralization at Chelopech 
is described in detail by Petrunov (1994, 1995), Mutafchiev 
and Petrunov (1996), and Jacquat (2003). However, the 
control of the rock units on the brecciation processes 
associated with the different pulses of the hydrothermal 
system has yet to be described. 
 This paper is primarily based on surface and 
underground mapping with associated drillcore sampling. 
Detailed petrographic studies on the major rock units at 
Chelopech argue for strong lithological control on the 
mineralization type. In conjunction with the structural 
control discussed in Chapter III, a petrographic classiﬁcation 
of the different volcanic and hydrothermal breccias has 
also permitted us to characterize the role of each rock type 
during the development of breccia and mineralization. An 
evolution of the different breccia conduits and their controls 
on the mineralization type, associated with the repetitive 
hydrothermal pulses is proposed for Chelopech. A new 
model for the evolution of the Chelopech epithermal high 
sulﬁdation deposit is proposed, based on new data on the host 
rocks and breccia development which allows the evolution 
in space and time and the relative control on mineralization 
shapes and localization to be critically assessed.
Regional setting
 The Chelopech Au-Cu epithermal high-sulﬁdation 
deposit is located about 60 km east of Soﬁa, Bulgaria, and 
belongs to the Banat-Srednogorie tectonic zone, extending 
from Romania to Serbia and Bulgaria. This belt was formed 
during the Alpine-Himalayan orogeny and is part of the 
Tethyan-Eurasian metallogenic belt (Heinrich and Neubauer, 
2002). It is characterized by calc-alkaline magmatism, 
and its position closely corresponds to the collisional 
suture between the African-Arabian and Eurasian plates 
that occurred mainly from the Cretaceous to the present 
(Dabovski et al., 1991; Jankovic, 1997). Several authors 
propose that the calc-alkaline magmatism and correlated ore 
deposits are directly linked to the subduction of the Tethyan 
oceanic crust (Boccaletti et al., 1974, Berza et al., 1998). 
However, more recently, Neubauer (2002) proposed that 
magmatism and mineralization are directly correlated with 
syn- or immediately post-collisional magmatism, including 
slab break-off. Studies on magmatic rocks along the Banat-
Srednogorie zone show a typical active margin-type calc-
alkaline composition (Dupont et al., 2002; Stoykov et al., 
2002), in agreement with a subduction-related magmatism. 
Late Cretaceous calc-alkaline magmatism resulted in the 
formation of several major porphyry-Cu and connected 
high-sulﬁdation epithermal deposits, which are the most 
important metallic resources in the Banat-Srednogorie 
region (Heinrich and Neubauer, 2002). Within this 100 
km long, continuous magmatic belt, the two areas with the 
highest abundance of ore deposits are: the Timok region in 
Serbia, (Majdanpek, Bor; Robertson and Karamata, 1994; 
Berza et al., 1998), and the Panagyurishte mineral district in 
Bulgaria, located in the central Srednogorie area (Elatsite, 
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Fig. 4.1. Surface geological map of the Chelopech area.
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Assarel; Bonev et al, 2002; Strashimirov et al., 2002; Moritz 
et al., 2004). The Chelopech deposit is located in the northern 
part of the Panagyurishte mineral district, which is deﬁned 
by a NNW alignment of porphyry-Cu (Strashimirov et al, 
2002) and epithermal Cu-Au deposits (Moritz et al, 2004) 
with the latter being previously termed “massive sulﬁde 
deposits” (Bogdanov, 1980, 1987; Popov and Popov, 1997, 
2000).  This NNW trend is discordant with respect to the 
general E-W orientation of the Srednogorie belt in Bulgaria. 
The Panagyurishte ore district is characterized by a gradual 
younging of magmatic events from North to South during 
about 14 Ma, with the formation of associated ore deposits 
(Von Quadt et al., in press). This district is characterized by 
NWW trending horst and grabens, related to dextral strike-
slip deformation, associated with post-collisional Alpine 
extension (Ivanov et al, 2001; cf. Chapter III). Ore deposits 
are located in these strike-slip duplex systems.
 Mineralization characteristics of the Panagyurishte 
epithermal deposits have been described by several authors 
(Dimitrov, 1960; Bogdanov, 1984, 1986; Petrunov, 1994, 
1995). Mutafchiev and Petrunov (1996) termed them 
“synvolcanic hydrothermal-sedimentary massive pyrite, 
epithermal deposits of high-sulﬁdation type”. Strashimirov 
et al. (2002) were the ﬁrst to deﬁne these deposits as high-
sulﬁdation epithermal deposits (Chelopech and Krassen), 
and intermediate to high-sulﬁdation epithermal deposits 
(Elshitsa and Radka) based on modern studies (Hedenquist 
and Lowenstern, 1994; Hedenquist et al., 2000). 
Nowadays, all authors agree on an epigenetic origin for the 
mineralization, formed by partial to complete replacement 
of volcanic rocks, and vein emplacement. The massive 
mineralization is generally present in the form of lenses, 
which typically follow the bedding of sedimentary rocks or 
volcanic tuff deposits, and can also be hosted by breccia 
bodies (Kouzmanov et al., 2002; Moritz et al., 2004). Vein 
and disseminated ore types surround the massive sulﬁde 
bodies or may occur independently, crosscutting the bedding 
of the volcanic succession (Popov and Popov, 2000).
Local geological setting
 The Chelopech deposit is hosted by a Late 
Cretaceous volcanic and volcano-sedimentary complex 
(Popov and Popov, 2000, Popov et al., 2002, Stoykov 
et al, 2002; this study), which transgressively overlaps 
Precambrian and Paleozoic metamorphic basement rocks 
(Figs. 4.1, 4.2). The Late Cretaceous stratigraphy consists 
of Turonian sandstone and conglomerate derived from 
metamorphic rocks (Moev and Antonov, 1978). Andesite, 
dacite and subordinate trachyandesite hypabyssal bodies, 
and associated with lava ﬂows and dome-like bodies 
(Stoykov et al., 2002) intrude these units. Interbedded marly 
siliceous limestone layers also occur in the volcanic series 
(Aiello, 1977; Boccaletti et al., 1978). 
 The volcanic area was described as a volcano-
intrusive structure (Popov and Kovachev, 1996; Popov et al., 
2002) with a number of isolated elements, related to magmatic 
and tectonic structures formed during three stages. Popov 
and Kovatchev (1996) and Popov et al. (2002) described 
early subvolcanic intrusive rocks with an essentially E-
NE direction. These magmatic bodies are exposed in the 
northern part of the Chelopech area, and are called Murgana 
and Petrovden bodies. These authors described a second 
magmatic stage associated with the formation of the so-
called Chelopech volcano. They identiﬁed a volcanic cone 
consisting of block, agglomerate and lapilli, rare ash tuff 
intercalated with lava ﬂows and sheets (cf. Chapter III, 
Fig. 3.4), and they described several successive necks with 
radial-concentric faults around them. Popov and Kovatchev 
(1996) suggested that the formation of a caldera took place 
at the end of the effusive activity inﬁlled by a sandstone 
unit and that the caldera was intruded by a late hypabyssal 
andesitic body. The emplacement of this hypabyssal body 
was followed by the ore-forming hydrothermal events. The 
authors deﬁned a post-mineralization magmatic event, which 
they called Vozdol volcano and which intersects the eastern 
part of the Chelopech volcano. Popov and Kovatchev (1996) 
describe pieces of ore and hydrothermally altered rocks in 
the Vozdol breccia, whereas Georgieva et al. (2002, 2004) 
only describes altered volcanic rocks. The Vozdol “neck” 
is exposed in the northern part of Chelopech in the Vozdol 
Valley (Fig. 4.1). 
 Magmatic rocks, such as dyke in the Elatsite-
Chelopech region (cf. Chapter I, II), typically have a calc-
alkaline composition (Stoykov et al., 2002; Von Quadt et al., 
in press). Volcanic rocks do not vary much in mineralogy and 
contain amphibole, plagioclase-bearing andesite, latite and 
trachydacite, with some minor quartz and biotite phenocrysts 
and a microlitic plagioclase groundmass. They vary in silica 
content from 57 to 63 wt% SiO
2
. The Petrovden-Murgana 
dome-like body has an acidic composition, whereas clasts 
from the Vozdol breccia unit (Fig. 4.1) are more basic 
(Stoykov et al., 2002). 
 The Late Cretaceous (Turonian, Maastrichtian) 
sedimentary and volcanic rocks transgressively overlap 
the basement. The Late Cretaceous sequence begins with a 
Turonian conglomerate and coarse sandstone coal-bearing 
formation (Stoykov and Pavlishina, 2003). Hypabyssal 
bodies intrude this basal formation and are associated with 
volcano-sedimentary rocks of the Chelopech Formation 
(Fig. 4.1, Moev and Antonov, 1978). The upper part of 
the sedimentary sequence of the Chelopech Formation is 
characterized by two-mica volcanoclastic sandstone also 
of Turonian age (Stoykov and Pavlishina, 2003, 2004) and 
interﬁngered with the Vozdol breccia. This sedimentation 
took place in a freshwater or coastal environment according 
to Stoykov and Pavlishina (2003). The Chelopech Formation 
has been deformed, eroded and transgressively covered 
by Maastrichtian reddish limestone-marls of the Mirkovo 
Formation (Fig. 4.2, Moev and Antonov, 1978, Stoykov 
and Pavlishina, 2004). The limestone is overlain by typical 
ﬂysch interbedding characterized by abundant polymictic 
sandstone, calcareous sandstone and calcareous mudstone. 
The succession of the Mirkovo and Chugovista Formations, 
from limestone to a ﬂysch sedimentary sequence, represents 
a transgression sedimentary setting in a deeper marine 
environment during the Maastrichtian (Stoykov and 
Pavlishina, 2003). 
 The Chelopech area was affected by late tectonic 
activity, related to the dextral strike-slip faults in the 
Panagyurishte district. Faults on surface and underground 
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Fig. 4.2. SE-NW section A-B of the Chelopech area, following the different units, realized with mapping and drillcore descriptions. It possible to 
see the sedimentary cover which hides the Chelopech deposit. The actual exploitation level is at 400m.
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show three principal orientations, N~45 with 40° E-W 
dipping, and N~110, N~155 subvertical faults. A recent study 
has shown that these faults have controlled the development 
of the Chelopech magmatism and mineralization (cf. Chapter 
III). These fault systems have been reactivated during the 
Tertiary in a compressional setting, which have resulted in 
the development of N55 faults as thrust faults, and NNW 
and NWW dextral strike-slipe faults.  This Tertiary Alpine 
overprint has thoroughly affected the Chelopech volcanic 
region. It is, therefore, not possible to reconstruct precisely 
the relative position of the different rock units during the 
Late Cretaceous at the time of volcanic and hydrothermal 
activity, because some older rocks have been thrusted on 
younger magmatic rocks which host the mineralization (Fig. 
4.2). This late overthrusting has probably been a key factor 
for preserving the Chelopech deposit from erosion.
 Figure 4.2 shows a cross-section through the 
Chelopech deposit based on surface and underground 
mapping, extensive drillcore descriptions and observations, 
and includes information from Popov and Kovatchev (1996) 
for the northwestern part at Vozdol. The northwestern 
contact of the Chelopech syncline, deﬁned by the Turonian 
volcanogenic two mica sandstone, has been represented 
with a sharp contact, as it is proposed by these authors. 
However, there is no evidence that the Vozdol breccia is 
absent at depth. Based on our ﬁeld observation this breccia 
may be interﬁngered with the northwestern contact of 
the sandstone. Popov and Kovatchev (1996) deﬁned this 
breccia at Vozdol as a neck; nevertheless, to the best of 
our knowledge, this unit is never represented in any cross 
section of the Chelopech deposit.
Chelopech mine geology 
Rock units
 Underground rocks are predominantly magmatic in 
origin, with a NW-oriented hypabyssal body with an andesitic 
texture (Figs. 4.2 and 4.3a) intruding a phreatomagmatic 
breccia. Popov and Kovatchev (1996) described pyroclastic 
rocks which host the ore bodies at Chelopech and Boccaletti 
et al. (1978) indicate the presence of marly or siliceous 
limestone interbedded with volcanic units in the stratigraphic 
sequence of the Panagyurishte mineral district. However, the 
abrupt variation between both units has been characterized 
for the ﬁrst time at Chelopech. Numerous faults, linked to 
Tertiary tectonic activity, overprint the different rock units. 
The different rock types present on the exploitation level 
405 at Chelopech (Fig. 4.3a) are described in detail in a later 
paragraph. 
Alteration and mineralization
 The Chelopech deposit displays an alteration typical 
of high-sulﬁdation epithermal deposits. The hydrothermal 
alteration of the Chelopech deposit was described by 
Mutafchiev and Chipchacova (1969) as secondary quartzite, 
with alunite, kaolinite and a sericitic facies overprinting a 
propylitic alteration. Recently, Georgieva et al. (2002) 
described three main alteration types, which are distributed 
concentrically outwards from the central part of the ore 
bodies (Fig. 4.3b). The innermost zone consists of an 
advanced argillic alteration with occurrences of “vuggy 
silica” and massive silica. A quartz-sericite alteration 
zone occurs further outwards, and a propylitic alteration is 
present in the most distal parts with respect to the ore bodies. 
Deep drill holes reveal that the advanced argillic alteration 
is still present in volcanic rocks down to a depth of more 
than 2000 m. A vertical mineralogical variation is observed 
with alunite, diaspore, pyrophyllite and zunyite becoming 
more abundant at depth (Mutafchiev and Petrunov, 1996; 
Georgieva et al., 2002). Georgieva et al. (2002) determined 
that aluminium-phosphate-sulfate (APS) minerals such as 
the svanbergite – woodhouseite solid solution series are 
present in the advanced argillic and sericitic alteration zones. 
Underground alteration zones and the ore bodies are E and 
NW-oriented, that is they have similar orientation as the 
faults (Fig. 4.3, cf. Chapter III), which suggests a structural 
control for the Chelopech deposit. 
 Three successive ore-stages were identiﬁed at 
Chelopech (Petrunov 1994, 1995; Jacquat, 2003): An 
early Fe-S pyrite-marcasite stage, with the formation of 
disseminated pyrite which in extreme cases leads to a total 
replacement of initial rocks and is referred to as massive 
sulﬁde mineralization. This early stage is followed and partly 
brecciated by an intermediate Cu-As-S stage, characterized 
by the presence of enargite-luzonite and tennantite-bornite 
assemblages. Gold precipitation is associated to this stage, 
which represents the economic ore mined at Chelopech. 
Late stage Pb-Zn veins, with sphalerite and galena, cut the 
earlier mineralized bodies. All veins, ﬁlling and breccia 
types are hosted by altered argillic rocks. The mineralization 
has different geometries (Fig. 4.4): veins, mineralized 
breccia, massive sulﬁde replacement of the host rock and 
dissemination. These different modes of occurrence are a 
function of the various rock types, the origin and nature 
of mineralizing ﬂuid and the presence of faults (Jacquat, 
2003). Vein-type mineralization is the most abundant at 
Chelopech, and it is composed of a network of veins with a 
predominantly subvertical orientation. Several generations 
of veins are present along the same fracture planes, and are 
related to incremental vein formation. Veins are developed 
throughout the mine, and are the most abundant in areas 
displaying the most intense hydrothermal alteration. Vein 
systems are well developed in the exploitation blocks 17, 
18 and 19, that is the NE-part of the deposit where the host 
rocks are hypabyssal andesitic bodies and phreatomagmatic 
breccia (Fig. 4.3b, c). Mineralized breccias will be described 
later. This breccia type is associated with the economic 
mineralization stage.  In contrast to the typical vein system, 
mineralized breccias have been essentially observed in 
the western part of the mine (level 405 and 400) with the 
exception of block 8 located in the eastern part of the mine, 
and are probably inﬂuenced by the presence of preexisting 
massive sulﬁde bodies (Fig. 4.3d). These lenses of massive 
sulﬁde mineralization and the dense dissemination occur 
at different mining levels and vary from 150 to 300m in 
length, 30 to 120m in thickness and are up to 350m long 
down plunge (Andrew, 1997). Besides the present mining 
level, this mineralization type has also been described on 
level 505 of block 18 (Mutafchiev et al., 1984). These lenses 
IV-71
Chapter IV
�������������������������
������������������������������������
�����������������������
�� �������������
���������
���������� ������������������������ ������������������
����������������������������������������������
��������������������������������
������������������������������������������������
����
����
��
��
�
��
�
���
���
��
�������������������������� �����������
�����������������
����������������
����������
������������
����������������������������������������
�
�
�
N
S
EW
�
�
�� �
���
�
�
��
��
���
�
��
��
���
�
��
��
���
�
��
��
���
�
��
��
���
�
��
��
���
�
��
��
���
�
��
��
���
�
��
��
���
�
��
��
���
�
����������������
����������������
����������������
���
���
�
�
Fig. 4.3. Underground geological maps of level 405, Chelopech deposit, a. Distribution of the different rock types and stereograph with faults 
of block 151 and 18, level 405 and 395, b. Alteration map (after Mutafchiev and Petrunov, 1996; Georgieva, «in prep»), c. Detailed map of the 
exploitation block 18, d. Detailed map of the exploitation block 151.
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Fig. 4.4. Mineralization types of the Chelopech deposit. a. Massive 
sulﬁde replacement in oolitic sedimentary rock, mineralized breccia 
associated with the precipitation of enargite, b. Massive sulﬁde, 
replacement banded texture, c. Pyrite dissemination in altered 
volcanic tuff, d. Cu-As-S vein which overprints secondary polymictic 
hydrothermal breccia; (en: enargite, py: pyrite, tn: tennantite).
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occur within volcanic tuff and interbedded sedimentary 
rocks where the initial sedimentary and volcanic textures are 
still preserved (Figs. 4.5b, c). A late faulting affects contact 
between the different rock units, and along the southern 
margin of each ore body (Fig. 4.3, cf. Chapter III). The 
Tertiary tectonic activity has overprinted the initial geometry 
of the deposit which complicates ﬁeld observations.
 The speciﬁc Petrovden alteration zone has been 
described in the northern part of our study area, which is 
controlled by fault structures (Popov et al., 2000; cf. Fig. 
2.9). This alteration zone is characterized by a propylitic 
zone, followed by a quartz-sericite alteration zone. An 
argillic alteration zone is only present in the Petrovden 
Top area (Fig. 4.1). This alteration is associated with 
veinlet disseminated low-grade Cu-Pb-Zn mineralization, 
and mainly overprints the southern part of the Murgana-
Petrovden dacitic dome-like body, and the Turonian coarse 
sandstone. The Vozdol volcanic breccia was also altered 
along its northern part in this area (cf. Fig. 2.9).
 Base metal sulﬁde veins with a gangue consisting 
of quartz, ankerite, calcite, dolomite, barite and ﬂuorite have 
been reported in the northern part of the study area (Fig. 4.1) at 
the Vozdol ore occurrence, about 1km from the main deposit 
(Mutafchiev and Petrunov, 1996; Strashimirov and Popov, 
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2000). This mineralization is only present underground, 
and is characterized by a carbonate, adularia, and sericite 
alteration zone. According to the new classiﬁcation of 
Hedenquist et al. (2000), the Vozdol occurrence would be 
classiﬁed as an intermediate-sulﬁdation type. The spatial 
association of the polymetallic Vozdol occurrence and the 
Chelopech deposit is analogous to other base-precious metal 
veins at the periphery of high-sulﬁdation systems (Sillitoe, 
1999; Hedenquist et al., 2000, 2001).
Rock units and volcanic geology
Magmatic rocks of the Chelopech area 
 Massive magmatic rocks, altered andesite, 
altered pyroclastic rocks and volcanic breccias have been 
identiﬁed. Detailed surface and underground mapping has 
been carried out. Nevertheless, it is not possible at the 
present time to work out a detailed volcanic stratigraphy 
for the entire Chelopech volcanic system, as unfortunately 
only underground mapping, drillcore descriptions from 
former investigations and exploration drillings are available 
to characterize the different rock units underground and to 
attempt comparing them with surface rock units.
 Moreover, it is difﬁcult to clarify some ﬁeld 
relationships between outcrops of magmatic rocks and the 
underground exposures of magmatic rocks, due to the late 
sedimentary cover and subsequent Tertiary overthrusts (Fig. 
4.2). Underground magmatic rocks do not have obvious 
equivalents in surface outcrops. The cross section of Figure 
4.2 shows that only in the southern part of the Chelopech area 
it is possible to trace a continuation from surface exposures 
to underground levels. Deposition of the Late Cretaceous 
sedimentary rock units together with late overthrusts has 
probably preserved the Chelopech deposit from erosion.
Surface 
 Coherent magmatic rocks represent approximately 
forty percent of the surface exposure in the immediate 
vicinity of the Chelopech mine (Fig. 4.1). Directly above 
the deposit, only strongly altered magmatic rocks are 
present, as well as in the Petrovden area. Turonian two 
mica sandstone and Maastrichtian limestone and ﬂysch are 
not altered. Altered dacite in the Petrovden area (Fig. 4.1) 
probably belongs to the dome-like body deﬁned by Stoykov 
et al. (2002). This rock displays an initial porphyritic texture 
with plagioclase (~15 vol%) and amphibole (~3 vol%) 
phenocrysts, and subsidiary resorbed quartz (<2 vol%). 
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Fig. 4.5. Microscopic and macroscopic features of the main rock 
types. a. Altered andesitic hypabyssal body, with ghosts of amphibole, 
biotite and plagioclase, affected by quartz-sericite alteration (block 
18/level 405). b. Oolitic calcareous sedimentary rock, totally replaced 
by sulﬁde, replacement of ooliths mainly by pyrite and enargite, but 
the initial sedimentary texture has been preserved. c. Rim-type 
accretionary lapilli, replaced by pyrite. The nucleus of the lapilli is a 
ghost of magmatic amphibole. d. Macroscopic picture of a drillcore 
sample showing an altered pumiceous tuff, with a basement clast. 
(bt: biotite, amph: amphibole, plg: plagioclase).
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 Magmatic rocks above the mine (Fig. 4.1) have an 
andesitic composition with extremely rare corroded quartz 
phenocrysts and a porphyritic amphibole-plagioclase-
bearing texture. It is possible to recognize an original 
hypidiomorphic porphyritic texture with replaced plagioclase 
(~20 vol%), amphibole (4-10 vol%), biotite (5 vol%) and 
titanite (<2 vol%). Minor apatite is crudely preserved. In 
most cases, rocks are altered to an assemblage consisting of 
quartz, illite, sericite, carbonate, adularia and albite; epidote 
is also present. No magmatic ﬂow textures were identiﬁed 
in these altered rocks. The microcrystalline groundmass and 
the porphyritic texture suggest a hypabyssal emplacement 
for these altered rocks. 
Underground 
 Massive altered magmatic rocks deﬁne a hypabyssal 
intrusive system, with a ~N150 orientation (Fig. 4.3a). The 
textural preservation is generally excellent outside of the 
ore bodies, even though the original mineralogy has been 
modiﬁed.
 It is possible to recognize relict shapes of plagioclase 
and amphibole in altered andesite with porphyritic andesitic 
texture (Fig. 4.5a). Pseudomorphs of amphibole and biotite 
phenocrysts represent about 3-4 volume percent of the rock 
with altered plagioclase phenocrysts accounting for 10 
volume percent. The texture is porphyritic and the mineral 
assemblage except the absence of magmatic quartz, are 
equivalent to the surface andesite texture above the mine. 
Magmatic hypabyssal body with andesitic composition 
represents approximately 40 percent of the rock volume that 
can be mapped on level 405, whereas it is less abundant 
in the volcanic succession than phreatomagmatic breccia 
based on drillcore observations and data mine descriptions. 
 Interlayered pyroclastic and sedimentary  
 rock units: evidence for coastal volcanic  
 activity
 Volcanic tuff have already been described by 
Mutafchiev and Chipchakova (1969), Popov and Mutafchiev 
(1980), Popov and Kovatchev (1996), and Popov and 
Popov (2000). These rocks, mostly observed in this study 
in the western part of the level 405, are volcanic tuffs 
characteristic of pyroclastic deposits. No volcanic tephra or 
pyroclastic deposits have been identiﬁed in surface outcrops. 
In this study, we observed that volcanic tuff are generally 
interbedded with sandstone and calcareous sedimentary 
rocks, and both rock types are a preferential host for 
massive sulﬁde mineralization and/or abundant sulﬁde 
disseminations. Ooliths and bioclastic debris (Fig.4.5b) have 
been identiﬁed in the sedimentary rocks and are common in 
the massive sulﬁde replacement zones (Jacquat, 2003; this 
study). Figure 4.6 shows an example of an approximately 
40 m long stratigraphic log from the western part of the 
volcanic succession, deﬁned using drillcore descriptions 
and underground mapping. These different beds which are 
typical of a volcanic environment are overlain by volcanic 
breccia and andesite.
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Fig. 4.6. Example of a stratigraphic log for the western zone of the 
present mine level at the Chelopech mine.
 From 0 to -5 m (0 m = level 405) some sedimentary 
rock layers are replaced by massive sulﬁde mineralization 
which is then cut by secondary enargite-mineralized 
breccia and veins of the economic Cu-As-S stage (Fig. 
4.5b). Stratiﬁed bioclastic sedimentation and oolitic are 
preserved, and are characteristic of shallow agitated water 
sedimentation. 
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 From -5 to -8 m, a pyroclastic unit is totally 
replaced by massive sulﬁde mineralization. On the top of 
this unit, accretionary lapilli (Fig. 4.5c) are completely 
replaced by pyrite but the initial volcanic texture is still 
preserved. This accretionary lapilli bed underlies a well-
sorted volcanic tuff bed. At Chelopech, accretionary lapilli 
layers are rare and are systematically replaced by massive 
mineralization, therefore, resedimented accretionary lapilli 
and original deposition cannot be distinguished. Rim-type 
lapilli (Schumacher and Schmincke, 1991, 1995) are the 
most important type present in the Chelopech deposit (Fig. 
4.5c). 
 Rim-type lapilli are characterized by a coarse-
grained ash core, which is surrounded by a ﬁne-grained rim. 
The change in grain size between the core and the rim is 
abrupt. Accretionary lapilli without a ﬁne-grained outer rim 
are named core-type lapilli. The nuclei in rim-type lapilli at 
Chelopech are altered and replaced magmatic phenocrysts, 
which can be identiﬁed as ghosts of amphibole (Fig. 4.5c) and 
quartz crystals. We have no evidence to determine if these 
accretionary lapilli layers are associated with a pyroclastic 
unit or if they are remobilized with a sedimentary material.
 From -8 to -9 m, bioclastic sedimentary strata are 
interbedded with a pyroclastic unit.
From -9 to -24 m, a pyroclastic unit with welded 
pumice (Fig. 4.5d) on top displays an advanced argillic 
alteration linked to abundant disseminated mineralization. 
The base of this unit is characterized by fragment-supported 
breccia composed of andesitic and basement clasts. 
 From -24 to -35 m, a secondary hydrothermal 
polymictic breccia cuts the volcanic sequence, and is 
overprinted by an advanced argillic alteration with abundant 
sulﬁde dissemination.
 From -35 to -46 m, a sericitic-argillic altered 
andesitic intrusion, with a preserved porphyritic texture is 
observed.
 All these units are pervasively altered and 
mineralized, but the initial volcanic textures are well 
preserved in areas where the hydrothermal ﬂuid activity 
was not strong enough to brecciate the host rocks. The 
abrupt variation between pyroclastic rocks and oolitic/
bioclastic rocks, essentially in the western part of the 
deposit, is interpreted as reﬂecting volcanic activity in a 
coastal environment at Chelopech prior to hydrothermal 
ore formation. This log have been done using drillcore and 
mapping, unfortunately the contacts between all these units 
have not been preserved from the alteration.
Breccias
 Numerous magmatic gold-copper systems contain 
volcanic and hydrothermal breccias (Sillitoe, 1985; Baker 
et al., 1986; Corbett and Leach, 1998). Commonly, the 
classiﬁcation of breccias in hydrothermal systems includes 
both genetic and descriptive terms, and differentiates 
volcanic and hydrothermal breccias. In this study, “volcanic 
breccias” are directly linked with the volcanic environment 
(i.e. pre-mineralization) and are presented ﬁrst, whereas 
“hydrothermal breccias” associated with the hydrothermal 
system, including the alteration and the mineralization that 
overprints the volcanic system, are discussed afterwards. 
Nevertheless, volcanic terminology is also used to classify 
the latter in order to facilitate the understanding of the 
different processes involved and to link the volcanic 
history and the hydrothermal system connected with the 
mineralizing processes. 
 Previous studies on the Chelopech environment 
have determined breccia in the immediate vicinity of 
the deposit (Mutafchiev and Petrunov, 1996; Popov and 
Kovatchev, 1996; Popov and Popov, 2000; Stoykov et 
al., 2002). However, no distinction between volcanic and 
hydrothermal breccias has been made for the host rocks at 
the Chelopech deposit. On surface, the authors distinguished 
lava and agglomerate ﬂow, and the so-called Vozdol breccia 
neck (Popov and Kovatchev, 1996; see Fig. 4.1, pattern 
description in brackets). Stoykov et al. (2002) have used 
the same terminology for the Vozdol breccia member. They 
described the Vozdol neck as clast-supported lava-breccia 
with a lavic matrix. The authors observed sedimentary 
material in the matrix, in the eastern margin of the body, 
which increases in abundance towards the border of the 
breccia body interpreted as a neck, where they form a small 
lens and layers. They concluded that sedimentation was 
contemporaneous with the formation of this breccia body, 
and the beginning of its destruction. 
Volcanic breccia
 The study of volcanic breccias reveals the changes 
of the volcanic environment with time.  The different rock 
units described below are displayed in Table 4.1. 
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Resedimented syn-eruptive volcaniclastic 
and syn-volcanic breccia: the Vozdol 
breccia
 This breccia body is present locally in the Vozdol 
Valley and in the southern part of the Petrovden top (Fig. 
4.1). It has a ~N50-60SE orientation, and it is several 
hundreds meters long. It is overlain by and interﬁngered with 
the two mica sandstone of the Chelopech Formation (Figs. 
4.1, 4.7a; cf. Chapter II), which documents a synchronous 
deposition of the breccia with the base of the sandstone unit. 
The interﬁngering between the two mica sandstone and the 
Vozdol breccia suggest that the Vozdol breccia represent a 
succession of different volcanic units, associated with the 
sedimentation time of the sandstone. However, no evidence 
of such different units has been determined and this breccia 
will be described as a single unit for sake of clarity. This 
breccia is clast-supported, with 60 to 85 volume percent of 
clasts (Fig. 4.7b). 
 Clasts: This volcanic breccia contains three 
different types of clasts of magmatic and sedimentary rocks 
mixed with each other. 
 Two types of magmatic clasts are recognized 
referred to as AI and AII. The two types of magmatic 
clasts are differentiated based on texture, mineralogy 
and geochemistry (Figs. 4.7b, c). These clasts present a 
weak propylitic alteration, and range in composition from 
andesitic to dacitic, with 55 to 66 wt% SiO
2
. They exhibit 
a porphyritic hornblende-plagioclase-bearing texture, with 
~10 volume percent amphibole in type AI clasts and 20 
volume percent amphibole in type AII clasts.  Both types also 
contain 20 volume percent zoned plagioclase (An 35-50). 
Type AII is enriched in K
2
O compared to type AI. Altered 
biotite is present as an accessory phase in both clast types. 
Further accessory minerals are titanite, apatite, magnetite 
and zircon. Both clast types contain a microlitic mesostase 
which is composed of plagioclase and amphibole. AII 
clasts contain rare, entirely crystallized magmatic enclaves 
identical to those described in the dome-like volcanic body 
by Stoykov et al. (2002) in the northern part of the Vozdol 
Valley (cf. Fig. 2.5). 
 Clasts are commonly altered to a titanite-calcite 
± chlorite propylitic assemblage. Biotite is systematically 
strongly altered, with secondary titanite growing along mica 
cleavages accompanied by calcite in a few samples, while 
oxides crystallize along the rims of biotite. 
The proportion of the type AII clast decreases from the 
southwest in the Vozdol Valley (Fig. 4.1) to the northeast of 
this unit, but both type clasts are present in the outcrops. 
 The sedimentary clasts are referred to as type B 
clasts. They are composed of unaltered, rounded, ﬁne-
grained volcanoclastic sandstone typical of the two mica 
sandstone of the Chelopech Formation. The sandstone 
consists of angular fragments of minerals, essentially 
quartz and muscovite which are probably derived from 
the basement rocks (gneiss of the Pirdop Formation, cf. 
Chapter II). It also contains numerous angular fragments of 
volcanogenic altered plagioclase, biotite and minor titanite 
and zircon grains. 
 Matrix: The matrix can be glassy lava, sedimentary 
(sandstone) or a mixture of both. The lava matrix is 
characterized by an oxidized, recristallized to microlitic 
texture, with very ﬁne crystals, and has the same andesitic 
composition as clasts of type AI (Fig. 4.7b). The sedimentary 
matrix has a sandstone texture similar to the one of the two-
mica sandstone of the Chelopech Formation (Figs. 4.7c, d), 
and dated as Turonian by Stoykov and Pavlishina (2003). 
 This volcanic breccia unit includes different textural 
facies and relationships between clasts and matrix, detailed 
in Table 4.2. Andesitic clasts AI and AII present sharp to 
diffuse contacts with the lava matrix, whereas sedimentary 
clasts show diffused contacts and can be totally mixed inside 
the lavic matrix, as a peperitic breccia zone. Lava matrix can 
be pervasive inside all clast types (Fig. 4.7d). The contacts 
between magmatic clasts and the sedimentary matrix can 
be sharp, and samples can show a size grading of juvenile 
clasts inside the matrix from coherent magmatic rock to the 
sedimentary matrix. The clasts B have sharp contacts with 
the sedimentary matrix.
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Table 4.2. Summary of the contact of the different clasts and the different matrix types for the Vozdol breccia unit.
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Fig. 4.7. a. Interﬁngering of the two mica sandstone in the resedimented volcaniclastic syn-eruptive and syn-volcanic Vozdol breccia which 
characterized a simultaneous deposition , b. Lava matrix breccia zone, with two different clast types: AI and AII, c. Breccia with a sedimentary 
matrix, d. Peperitic breccia texture, ﬁne mixing of sedimentary material with lava, injection of lava lode in mixed rock, e. Andesitic hyaloclastic 
zone, altered and oxidized glassy matrix with jigsaw-ﬁt texture indicative of in-situ fragmentation. f. Alteration with celadonite and ilmenite 
veins, g. Quartz-sericite alteration zone in a clast AII of the northern part of the Vozdol breccia, h., Contact between the Vozdol breccia and the 
interﬁngered two mica sandstne, i. Volcanoclastic breccia deposit with clasts of altered volcanic rock, ﬁning-up into the two mica sandstone of 
the Chelopech Formation. (ana: anatase, plg: plagioclase, qtz: quartz, ser: sericite).
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 Andesitic hyaloclastite zones are observed 
(Fig. 4.7e), characterized by an intensively altered glass 
matrix, mostly oxidized, with a distinct jigsaw-ﬁt texture. 
Sedimentary clasts can be incorporated into the lavic 
breccia matrix (Fig. 4.7d), and is characteristic of peperitic 
breccia formation. We interpret these relationships as 
ﬂuidization and liquefaction of the unconsolidated sediment 
(McPhie et al., 1993; Skilling et al., 2002). The presence 
of sedimentary clasts inside lava matrix with quenched 
zones and the mixing of both rock types, suggests that the 
formation of this volcanic breccia is contemporaneous with 
the deposition of the Turonian two mica sandstone of the 
Chelopech Formation. 
 The presence of magmatic clasts inside sedimentary 
matrix with sharp and unquenched contacts suggests that 
some part of this volcanic breccia has been resedimented 
during late sedimentary processes or at the periphery of the 
system during syn-volcanic breccia formation.
 The Vozdol breccia contains some alteration zones 
and veins (Fig. 4.7g). Veins contain celadonite and ilmenite 
(Petrunov, personal communication, this study). Some 
quartz-sericite zones are also present in fractures. This 
volcanic breccia has been overprinted by late propylitic and 
quartz-sericite alteration zones (Fig. 4.7g) in the northern 
part of the unit in the Petrovden alteration area (cf. Chapter 
II, Fig. 2.9).
 The contact between the Vozdol breccia and the 
two mica sandstone is diffused at the base and more direct 
with the top of the interﬁngerring. The Figure 4.7h shows the 
base of a two mica sandstone with the Vozdol breccia, this 
contact is composed essentially of a volcanogenic sandstone 
and a mixture of both units.
 This breccia has a controversial origin, since 
previous authors described it as a neck (Popov and Popov, 
2000; Strashimirov and Popov, 2000; Stoykov et al., 2002). 
According to the observations presented above, we prefer to 
interpret this breccia as resulting from the emplacement of 
lava in unconsolidated sediments resulting in the formation 
of peperitic breccia and hyaloclastic rocks and interﬁngered 
relationships of the breccia and the two mica sandstone. 
The occurrence of typical sedimentary breccia matrix part 
suggests sedimentation during the formation of this breccia. 
This volcanic breccia according to these different features 
is named resedimented syn-eruptive volcaniclastic and syn-
volcanic breccia. The short lenght of the two mica sandstone 
interﬁngerring  (several meters) and the heterogeneity of the 
volcanic facies in the Vozdol breccia could be linked to a 
delta lava formation in a short sedimentary basin (Smellie, 
2001; Masurier , 2002)
 The presence of two different magmatic clasts 
suggests a mechanical mixing process. Both clast types 
present a typical syn-volcanic texture, such as hyaloclastite 
or peperitic breccia, and both are associated with lavic and/
or sedimentary matrix. Thus, the occurrence of type AI and 
AII clasts suggests eruption and deposition of two volcanic 
units at the same period of time.
� �
�
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 Volcanoclastic breccia
 Volcanoclastic breccia layers are interbedded with 
two mica sandstone in the Vozdol Valley (Figs. 4.1; 4.7i). 
The breccia is ﬁnes-up into the two mica sandstone, occurs 
as beds of 1 to 1.50 m of thickness, and is clast-supported, 
with 80 percent clasts. The latter are essentially magmatic 
in origin, with an andesitic composition and are generally 
fresh or more rarely intensively altered. Alteration of these 
clasts has been described as being similar to the Chelopech 
alteration (Popov and Popov, 2000; Georgieva et al., 2004). 
Fragments are rounded and the clast size varies from ﬁne 
particles up to approximately 15 cm. The matrix is composed 
of mineral fragments of both magmatic and basement rock 
units, and contains relatively few ﬁne grained clasts and is 
strongly oxidized. The basal contact with the sandstone beds 
is sharp and shows numerous impact casts which results 
from rapid transport of these clasts. These volcanoclastic 
sedimentary strata are interpreted as debris-ﬂow deposits, 
possibly related to turbidity currents linked to nearby 
shallow submarine explosive eruptions, or to the destruction 
of a volcanic ediﬁce (Cas and Wright, 1987; McPhie et al., 
1993).
Syn-volcanic breccia, the Chugovista 
breccia
 This rock type is located in the southern part of 
our area, at the West of the Chugovista Valley, and has been 
described by Popov and Kovatchev (1996) and Stoykov 
et al. (2002) as, respectively, effusive rock, and lava and 
agglomerate ﬂows. 
 This breccia is of particular interest because it 
is located immediately on top of the Chelopech deposit 
(Figs. 4.1, 4.2). It extends along the southern border of 
the Chelopech syncline, and is tectonically thrusted on the 
two mica sandstone of the Chelopech Formation and the 
Maastrichtian ﬂysch (Figs. 4.1, 4.2). Volcanic breccia has 
been identiﬁed immediately below the Turonian two mica 
sandstone (Fig. 4.2) using drillcore descriptions but there is 
no evidence that it is similar to the syn-volcanic breccia at 
Chugovista. 
 Figure 4.8 displays some typical textures of this 
breccia. Figure 4.8a shows the quality of the outcrops and 
the important alteration. This breccia is clast-supported, with 
60 to 80 volume percent of clasts (Figs. 4.8b-d; g). Clasts 
are sub-angular to rounded and vary from a few centimeter 
to ~1 m in size and have an andesitic composition. Some 
pillow lava textures have also been observed characterized 
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Fig. 4.8. Chugovista syn-volcanic breccia facies. a. General view of the outcrop, b. Chlorite alteration of the Chugovista breccia, c. Lava 
matrix with quenched zone and altered andesitic clasts, d. Non-quenched rim characterized by ﬁne grained andesite texture around the 
andesitic clasts, e. Pillow lobe (spreading crack), concentric pillow breccia with overlapping concentric joints and radial fractures, f. Ilmenite and 
celadonite alteration veins which have overprinted the Chugovista breccia, g. Transmitted light microscopic picture of the porphyric andesite 
texture with hornblende and plagioclase phenocrysts and a microlitic plagioclase bearing mesostase, h. Transmitted light pictures of the 
quenched rim of an andesitic clast, which is characterized by strongly oxidized transition zone. (cel: celadonite, chl: chlorite, hb: hornblende, 
ilm: ilmenite, mt: magnetite, ox: oxyde, plg: plagioclase, qtz: quartz, ser: sericite).
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by a concentric pillow breccia, with concentric joints, 
and radial fractures (Fig. 4.8e). The matrix has the same 
composition, and the contact is marked by quenched zone 
or a diffuse transition zone from massive andesite to a 
ﬁner grain andesitic rock or more rarely a volcanogenic 
sandstone (Figs. 4.8c, d; h), which can be an evidence for 
a peperitic breccia zone (Skilling et al., 2002). The matrix 
is strongly altered with an important chloritization which is 
responsible for the characteristic green color of the outcrops 
(Figs. 4.8a, b). This breccia type has been affected by a 
propylitic alteration, and presents numerous celadonite-
ilmenite veins (Petrunov, personal communication, this 
study) which explain the pink color of this rock (Fig. 4.8f). 
This formation is interpreted as a syn-volcanic breccia, 
associated with andesite lava, which is in agreement with 
the lava and agglomerate terminology of Stoykov et al. 
(2002), and could be considered to be formed in a similar 
volcanic environment as the resedimented syn-eruptive 
volcaniclastic and syn-volcanic breccia of the Vozdol Valley 
(Fig. 4.1).
Phreatomagmatic breccia
 Based on drillcore descriptions, volcanic breccia 
is volumetrically the most abundant rock type hosting 
the Chelopech mineralization. Previous studies described 
the Chelopech host rocks as “volcanics” including tuffs, 
breccias and lavas (Mutafchiev and Petrunov, 1996), 
effusive andesitic rock (Popov and Kovatchev, 1996; Popov 
and Popov, 2000), and lava and agglomerate ﬂow (Stoykov 
et al., 2002). This breccia unit is only found underground, 
and it is essentially exposed in the external part of the 
exploration blocks, where it has been better preserved from 
both hydrothermal brecciation and pervasive alteration (Fig. 
4.3). Volcanic breccia is encountered to depths of several 
hundreds meters beneath the rocks of the sedimentary 
Chelopech syncline (Fig. 4.2) based on drillcore observations. 
The contacts of this volcanic breccia body with the wall 
rocks are not exposed. The breccia is matrix-supported with 
approximately 30 to 35 percent clasts (Fig. 4.9a). Clasts are 
rounded to sub-rounded with a cauliﬂower texture, typically 
encountered in phreatomagmatic environments (Fig. 4.9b). 
The size of the clasts is heterogeneous, varying from one 
to tens of centimeters and there is no graded bedding. 
Clasts in this breccia are polygenic, comprising essentially 
magmatic rocks, and fragments derived from the wall 
rocks. The juvenile origin of the magmatic rock could not 
be determined due to the alteration and the homogeneous 
composition of the Chelopech magmatism.  The majority 
of the clasts can be correlated with local rock units, such 
as porphyritic magmatic rock clasts which closely resemble 
the massive magmatic rocks of the area. The other clasts 
are xenoliths derived from the basement and altered rocks 
of indeterminate origin. The matrix is composed of ﬁne 
particles in a microbreccia. Initially, the cement was probably 
magmatic rock ﬂour, which was subsequently recrystallized 
during the alteration stages. 
 The breccia displays mostly a quartz-sericitic 
alteration, associated with disseminated pyrite. Some 
carbonate veins cut the matrix and the clasts, and are 
associated with late alteration stages. The volume and 
quality of the outcrops are not adequate to precisely draw 
the shape of this breccia body, or to establish the amount of 
lithological variation within it. According to the presence 
of typical phreatomagmatic texture, as cauliﬂower clast 
shape, basement and juvenile clasts, and the important 
volume of this formation, this breccia is interpreted as a 
phreatomagmatic breccia, unfortunately which cannot be 
related to an eruption event (Sillitoe, 1985; Cas and Wright, 
1987; McPhie et al., 1993). The presence of this breccia body 
requires a phreatomagmatic stage during the Chelopech 
volcanic history, before the onset of mineralization. This 
breccia type is common in epithermal deposits and porphyry 
copper deposits (Sillitoe, 1985; Russell and Kesler, 1991; 
Corbett and Leach, 1998).
Hydrothermal breccia
 Hydrothermal breccias constitute a subclass of the 
breccia family, in which brecciated rocks are produced by 
hydrothermal (water-rich) solutions. The classiﬁcation of 
hydrothermal breccias is based on both detailed descriptions 
of breccias spatially associated with mineralized bodies, 
and genetic nomenclature. Volcanic and metallogenic 
terms are used to aid the reader (Laznicka, 1988). Browne 
and Lawless (2001) propose the following deﬁnition for 
hydrothermal breccia: “A general term, which can include 
both hydrothermal eruption breccias (exogenous) and 
breccias formed in the subsurface (endogenous) by forceful 
disruption by ﬂuid within a hydrothermal system.” This 
deﬁnition provides a link between volcanic and metallogenic 
terms. Hydrothermal breccia has not yet been determined in 
detail at the Chelopech deposit. A summary description of 
the different hydrothermal breccias at Chelopech is shown 
in Table 4.3.
Hydrothermal injection breccia
 This hydrothermal breccia at Chelopech is matrix-
supported with ~20-40 volume percent fragments (Fig. 4.9c). 
The matrix is composed of wall-rock ﬂour and disseminated 
pyrite. It displays an advanced argillic alteration with 
dickite-kaolinite, quartz and locally barite-bearing 
assemblages. The clasts vary in size from one millimeter 
to several centimeters. Generally fragments closely reﬂect 
the nature of the wall rocks, but clasts are usually rounded 
to subrounded suggesting signiﬁcant transport and/or strong 
abrasion. Clasts of intensively altered andesitic rocks are 
dominant, and exhibit different degrees of alteration from 
quartz-sericite to advanced argillic, as indicated by the 
presence of vuggy silica in same samples, which suggests 
that this breccia type was formed after the ﬁrst alteration 
processes (Fig. 4.9d). In a few samples, altered basement 
clasts are also found, and are characterized by abundant 
fragments of metamorphic muscovite, elongated along the 
conduit orientation. Based on mine mapping and drillcore 
sampling, the contact with wall rocks is sharp with an 
apparent subvertical position, with less than a one meter 
diameter for the channel, and several meters of vertical 
development based on underground mapping extrapolation. 
This breccia has been observed essentially in blocks 17 and 
18 on exploitation levels 395 and 405 (Fig. 4.3), and hosts 
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Fig. 4.9. Characteristic features of the main breccia types. a. Phreatomagmatic breccia: polymictic breccia with basement and andesitic clasts, 
propylitic alteration on this picture. The matrix is composed of rock ﬂour, microbreccia and matrix-supported breccia. The size of fragments is 
very variable, from one to tens of centimeters. b. Phreatomagmatic breccia overprinted by advanced argillic alteration, presence of cauliﬂower 
clast textures. c. Hydrothermal injection breccia in a core sample showing a thin conduit of injection breccia in andesite. The clasts are 
heterogeneous and the breccia is matrix-supported with a very sharp contact with the wall rock. d. Jigsaw-crackle breccia: monomictic breccia 
composed of andesitic fragments with the same advanced argillic alteration with vuggy silica and disseminated ore. e. Fluidized hydrothermal 
breccia associated with hydrothermal injection breccia, displaying intense milling of the fragments and an abrasive texture, matrix-supported 
breccia, composed of clay minerals and silica. f. Secondary polymictic hydrothermal breccia, matrix to fragment-supported, with fragments of 
reworked altered andesite, breccia, and massive sulﬁde. Clasts can be rimmed by secondary mineralization. Abundant dissemination of the 
mineralization is also present. g. Secondary polymictic hydrothermal breccia crosscut by an enargite-pyrite vein, matrix supported breccia, 
with massive sulﬁde clasts, alteration in matrix is composed of dickite and/or kaolinite. h. Secondary mineralized breccia, fragment-supported 
breccia, with massive pyrite clasts in an ore matrix including enargite. i. Secondary mineralized breccia, fragment-supported breccia, with large 
enargite crystals with barite in a pyrite matrix.
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Table. 4.3. Hydrothermal breccia types at Chelopech.
the mineralized epithermal vein systems and the vuggy 
silica zones. This breccia is developed mainly in competent 
rock, such as the andesitic hypabyssal body, and seems to 
predate the mineralization stages in the central part of the 
mine, because no mineralized fragments are observed in 
this breccia. This breccia type was not observed in areas of 
massive sulﬁde mineralization. 
 This breccia type is interpreted as hydrothermal 
injection breccia according to the recent classiﬁcation of 
Corbett and Leach (1998). The authors describe this breccia 
type in southwest Paciﬁc Rim gold-copper systems, where 
it mostly occurs in epithermal high-sulﬁdation deposits. 
Most hydrothermal injection breccias are interpreted 
to be emplaced during fracturing related to pressurized 
ﬂuids. As suggested by Corbett and Leach (1998), most of 
these breccias could be controlled by dilational structures 
associated with faulting and hydrothermal injection breccias 
form in the upper part of a hydrothermal breccia conduit, and 
are found in the most fractured zones. Veinless hydrothermal 
injection breccias only contain pyrite dissemination and are 
barren of Cu and Au ore. This early pyrite dissemination 
suggests that the hydrothermal injection breccia is roughly 
contemporaneous with massive sulﬁde replacement in 
volcanic tuffs and sedimentary rocks. However, there is no 
other, ﬁeld evidence to conﬁdently link the emplacement of 
hydrothermal injection breccia in competent rock units and 
massive sulﬁde replacement in more permeable rocks, such 
as volcanic tuff or sedimentary rocks, although both were 
clearly formed before the economic Au-bearing Cu-As-S 
stage. 
Secondary polymictic hydrothermal 
breccia
 This breccia type is present in the throughout the 
mineralized area. Polymictic breccias are either matrix or 
fragment-supported with 50 to 60 volume percent clasts. 
The clasts are predominantly composed of massive sulﬁde or 
mineralized vein fragments which indicate that this breccia 
type overprints the ﬁrst mineralization stages. It is also 
possible to ﬁnd fragments of pre-mineralization magmatic 
breccia and altered andesite wall rocks. The clasts are 
rounded and up to several centimeters in size (1-10cm). The 
matrix usually consists of recristallized ﬁne quartz, dickite 
and/or kaolinite associated with disseminated ore, which is 
a replacement assemblage which has overprinted the initial 
rock ﬂour matrix. This breccia type is named secondary 
polymictic hydrothermal breccia, using descriptive terms 
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and has diverse characteristics depending on the brecciated 
rock unit. Clasts are systematically from different origins, 
and reﬂect the different rock types that were brecciated, 
i.e. preexisting hydrothermal injection breccia (Fig. 4.9f), 
massive sulﬁde mineralization (Fig. 4.9g), massive andesite, 
and ore veins. Secondary hydrothermal injection breccia is 
ubiquitous in the drillcores of blocks 17 and 18 (NE-part of the 
mined level, Fig. 4.3b), which are characterized by abundant 
veins and massive andesite host rocks. This breccia type is 
rare in block 151 (SW-part of the mined level, Fig. 4.3b) 
consisting essentially of a massive sulﬁde mineralization, 
volcanic tuff and interbedded sedimentary rocks. The 
presence of disseminated economic ore minerals and veins 
preferentially developed in this breccia type suggests that it 
is directly related to the economic mineralization stage of 
the Chelopech deposit. 
 The formation of this breccia type is interpreted to 
result from injection of over-pressurized ﬂuid and occurs 
when liquid changes to steam explosively close to the surface 
and violently fractures the conﬁned rocks (Mufﬂer et al., 
1971). According to Corbett and Leach (1998), this type of 
breccia closely corresponds to the central part of a theoretic 
hydrothermal breccia pipe system and is linked to the most 
ﬂuidized breccia conditions. Several hydrothermal ﬂuid 
injections developed during numerous mineralizing pulses 
at Chelopech, and were associated with different generation 
of veins and dissemination in this breccia, characterized by 
the presence of enargite-tennantite vein clasts. This breccia 
type is typical of epithermal high-sulﬁdation deposits and 
reﬂects the different pulses and stages of the hydrothermal 
system and associated mineralization (Figs. 4.9f, g).
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Fig. 4.10. Drillcore sample of secondary polymictic hydrothermal breccia associated with luzonite-pyrite-bornite mineralization and which has 
been crosscut by a tennantite-chalcopyrite-pyrite vein of the economic ore stage at Chelopech associated with a barite gangue with cockade 
texture around clasts. (B18/L426: drillcore of the exploitation block number 18 which started on level 426).
Secondary mineralized breccias
 This breccia type is characterized by a matrix 
consisting of opaque minerals (Figs. 4.9h, i), and thus is 
named secondary mineralized breccia. This breccia has been 
chieﬂy observed in the central part of block 151 on levels 
400 and 405, and in exploration drillcores from this block 
(Figs. 4.3a, b). This breccia is generally fragment-supported 
with 50 to 80 percent clasts by volume. The composition 
of the clasts is highly variable, depending on whether the 
host rock is massive sulﬁde (Fig. 4.9h), andesitic rock or 
reworked breccia. Fragments range from one centimeter to 
tens of centimeters in size, and generally they are angular to 
subrounded. The matrix is composed of ore minerals, chieﬂy 
pyrite, enargite, and tennantite, which can reach several cm 
in length (Fig. 4.9i) and are characteristic of the economic, 
intermediate Cu-As-S mineralization stage (Jacquat, 2003). 
This breccia type is mainly typical of the western part of 
the deposit and post-dates the massive sulﬁde replacement 
stage, although it also occurs in the northeastern exploitation 
blocks, in drillcore samples (e.g. 8, 18, Fig. 4.3a). 
 Figure 4.10 is a sample from drillcore of the 
exploitation block 18 (Fig. 4.3b) at 22.40 m below level 
426, and shows an example of the relationship between 
secondary polymictic hydrothermal (see previous section) 
and secondary mineralized breccias (this section). A 
secondary mineralized breccia associated with a tennantite-
chalcopyrite-pyrite vein of the Cu-As-S economic stage 
overprints an early secondary polymictic hydrothermal 
breccia. The latter is contemporaneous with luzonite-pyrite 
(+bornite) mineralization and contains altered andesitic, 
and chalcedony clasts. It is not possible to identify the host 
rock in this drillcore. During formation of the secondary 
mineralized breccia, barite and tennantite precipitate in 
cockade textures around clasts with luzonite mineralization 
of the early polymictic breccia.
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Volcanic and hydrothermal system 
development
 The magmatic and metallogenic evolution of 
the Chelopech high-sulﬁdation epithermal deposit can be 
summarized based on drillcore descriptions, and surface 
and mine mapping. Hydrothermal breccia development is 
mostly controlled by the different rock types and the various 
stages of alteration and mineralization. 
Hydrothermal breccia development
 The formation of hydrothermal breccia can be 
controlled by several factors: the presence of preexisting 
faults associated with the initial volcanic system, the initial 
rheological behavior of the host rocks, previous factor can 
be inﬂuenced by the early alteration and/or mineralization 
stages, the variation of the hydrothermal ﬂux input, the 
geographical position with respect to the central part of the 
hydrothermal ﬂuid pathways, and the composition of the 
ﬂuid which can initiate a chemical disequilibrium between 
the rock and the ﬂuid. 
 Jébrak (1996) proposed an evolution of the breccia 
in three stages: the propagation stage, the wear stage and 
the dilational stage. The propagation stage involves the 
nucleation and growth of fault patterns, breccia formation is 
usually a single stage caused by a rapid release of energy or 
more long-term successive process (Bott and Kusnir, 1984). 
Jébrak (1996) suggested that a second wear stage generates 
breccias which reﬂect a pulsative process. The associated 
mineralization is characterized by multi-stage deposition. 
The third stage of the breccia evolution according to Jébrak 
(1996) is associated with dilational conditions. He suggested 
that mineral deposition during this dilation stage can chieﬂy 
be associated with pressure-unrelated processes such as 
mixing or cooling. This model is only based on monomictic 
breccia type, on the morphology of fragments and the 
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particle size distribution in vein type deposits. Sillitoe (1985) 
and Corbett and Leach (1998) based their classiﬁcation on 
the abundance and petrographic composition of the matrix, 
the shape of elements and the overall organization of the 
brecciated units, in plutonic and hydrothermal systems 
within magmatic arc environments. 
 A synthetic development of the Chelopech 
hydrothermal breccias is proposed on the basis of the 
relationships among the different breccia types described 
before, the mineralization type developed within these 
breccias, the associated alteration assemblage and the nature 
of the altered brecciated host rocks. 
 Table 4.4 summarizes the different alteration 
assemblages observed in the different identiﬁed rock types. 
The different host rocks of the Chelopech deposit present 
mostly the same alteration assemblages. Volcanic tuff and 
associated sedimentary rocks, and altered sandstone, have 
only been observed in intensely altered zones, close to the 
ore bodies. The majority of the hydrothermal breccia is 
developed in the most intensely altered areas. The presence 
of different altered clasts in the hydrothermal injection 
breccia suggests that the host rocks were probably altered 
before breccia formation.
 Table 4.5 displays the frequency of the different 
mineralization types and hydrothermal breccias observed 
in the Chelopech deposit as a function of the different host 
rocks, including the different hydrothermal breccia types. 
Field observations and drillcore descriptions show that 
vein and disseminated mineralization are essentially hosted 
by altered andesite, phreatomagmatic breccia, volcanic 
tuff, hydrothermal injection breccia, secondary polymictic 
hydrothermal breccia and secondary mineralized breccia. 
On the contrary, massive sulﬁde mineralization is chieﬂy 
present in altered volcanic tuff, sandstone and secondary 
mineralized breccia. These observations argue for an 
important lithological control during emplacement of the 
different mineralization styles at the Chelopech deposit. 
Table. 4.4. The different alteration zones observed in the different host rocks of the Chelopech deposit.
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Table. 4.5. Different host rock types of the Chelopech deposit versus the different mineralization types and the different hydrothermal 
breccias.
 The style of hydrothermal breccias also seems 
to be controlled by the different host rock units present at 
Chelopech. Hydrothermal injection breccia is preferentially 
hosted by altered andesite and phreatomagmatic breccia, and 
is associated with disseminated pyrite. Secondary polymictic 
hydrothermal breccia is present in all rock types. It is the 
predominant breccia type at Chelopech and it is spatially 
associated with vein and disseminated mineralization of the 
economic Cu-As-S ore stage. Secondary mineralized breccia 
is essentially developed in volcanic tuff and interbedded 
sedimentary rocks, veins, disseminated mineralization and 
massive sulﬁde replacement zones are spatially associated 
with it. We have observed that hydrothermal injection 
breccia can be overprinted by secondary polymictic 
hydrothermal breccia associated with mineralized veins of 
the Cu-As-S economic ore stage. Early, secondary polymictic 
hydrothermal breccia can be overprinted by secondary 
mineralized breccia (Fig. 4.10). These new observations on 
the hydrothermal breccia at Chelopech suggest that their 
formation is controlled by the initial nature of the host rock, 
such as andesite, phreatomagmatic breccia, volcanic tuff, 
and interbedded sedimentary rocks, but it is also controlled 
by preceding stages of hydrothermal breccia formation.
 Figure 4.11 summarizes the schematic development 
of the different Chelopech hydrothermal breccia types. The 
relationship among them suggests that hydrothermal injection 
breccia was formed ﬁrst because it lacks any mineralized 
fragments (Fig. 4.11a, b, Breccia stage 1). It was followed 
by secondary polymictic hydrothermal breccia, associated 
with the economic Cu-As-S ore stage, it overprints earlier 
mineralization stage, and earlier hydrothermal injection 
breccia and can occur in different rock types (Fig. 4.11d, 
e, Breccia stage 2). Secondary mineralized breccia can be 
formed later, also associated with the Chelopech economic 
ore stage, and overprints massive sulﬁde mineralization and 
previously emplaced secondary polymictic hydrothermal 
breccia (Fig. 4.11f-h, Breccia stage 3). These observations 
are in agreement with the model of breccia evolution of 
Jébrak (1996) and the description and classiﬁcation of 
Sillitoe (1985) and Corbett and Leach (1998).
 Hydrothermal breccia formation is directly related 
to the discharge of a hydrothermal ﬂuid, which can be 
due to a ﬂash of “liquid” phase in a “vapor” phase, which 
violently fractures the conﬁned rocks (Wolfe, 1980; Sillitoe, 
1985; White, 1996). This phase changes can be a result of 
a decrease in pressure, faulting, or a violent increase in 
temperature. These breccia developments are the result of 
magma heating of groundwater or meteoric ﬂuid, generally 
named phreatic eruptions (Sillitoe, 1985; Corbett and Leach, 
1998). 
 The chronological development and the mechanisms 
of formation of the various hydrothermal breccia types at 
Chelopech are summarized as follows: The initial release 
of a hydrothermal ﬂuid from a reservoir at depth during the 
development of the hydrothermal system likely induced 
a strong fracturing of the host rocks (Fig. 4.11a). The 
subsequent hydrothermal injection breccia and associated 
fractures resulted in higher effective bulk permeability in 
the andesitic hypabyssal body and phreatomagmatic breccia 
and provided a favorable environment for hydrothermal 
ﬂuid ﬂow. The emplacement of earlier hydrothermal 
injection breccia was probably facilitated by the presence of 
preexisting faults associated with the volcanic system (cf. 
Chapter III; Cox et al., 2001). The emplacement of the early 
hydrothermal injection breccia was essentially controlled by 
ﬂuidization and related processes of spouting and channeling 
or gas streaming (McCallum, 1985). The formation of 
ﬂuidized channels in the phreatic pipe probably served as 
pathways for the emplacement of hydrothermal solutions. 
Mineralized veins were preferentially developed in massive 
andesite, phreatomagmatic breccia and in the preexisting 
hydrothermal injection breccias linked to ﬁrst hydrothermal 
pulses (Fig. 4.11b).
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Fig. 4.11. Schematic model for the development of hydrothermal breccias at the 
Chelopech deposit (after Sillitoe, 1985; Corbett and Leach, 1998; Browne and 
Lawless, 2001 and Dobson et al., 2003). a, b. Stage 1:Formation of hydrothermal 
injection breccia, associated with dissemination of py, and the development of 
ﬁrst generation veins. c. Total massive pyrite replacement in volcanic tuff and 
associated sedimentary rocks. d, e. Stage 2: Development of secondary polymictic 
hydrothermal breccia in previous hydrothermal injection breccia (d), and in massive 
sulﬁde zone (e). f, g, h. Stage 3: Formation of secondary mineralized breccia, in 
previous secondary polymictic hydrothermal breccia (f, g), directly inside open-
space in massive sulﬁde zone (h), (Abbreviations: bn: bornite, cp: chalcopyrite, en: 
enargite, lz: luzonite, py: pyrite, tn: tennantite).
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 Volcanic tuff and sedimentary rocks show an initial 
replacement stage by massive sulﬁde (Fig.4.11c).  Initial 
volcanic and sedimentary textures were preserved during 
this replacement stage. This observation is in favor for 
pervasive ﬂuid circulation in these rock types. 
 In a second stage, ore veins were emplaced in 
hydrothermal injection breccia, that were formed during 
the secondary polymictic hydrothermal breccia stage (Fig. 
4.11d), along earlier breccia conduits. Repeated ﬂuid 
ﬂow through these nearly vertical breccia zones resulted 
in the precipitation of ore and alteration minerals, thus 
leading to intermittent pulses of mineralization (Jacquat, 
2003). Secondary polymictic hydrothermal breccia also 
affected massive sulﬁde replacement zones (Fig. 4.11e). 
The breccia pipes, containing the secondary polymictic 
hydrothermal breccia, were produced during successive 
pulses of the hydrothermal system, characterized by 
successive brecciation events within the same conduit, in 
the most intensely altered areas. Thus, secondary polymictic 
hydrothermal breccia reﬂects directly the hydrothermal 
system geometry with one center located in the northeastern 
part of level 405 (around blocks 17, 18, Fig. 4.3) and a 
second one in the southwestern part (around block 151). A 
third center is in the southern area of this exploitation level 
(around block 103). Successive pulses of the hydrothermal 
ﬂuid introduction triggered the formation of this breccia 
type, associated with the Chelopech economic Cu-As-S Au-
bearing ore stage. 
 Veins present in andesite and phreatomagmatic 
breccia were also developed within secondary polymictic 
hydrothermal breccia conduits, which can produce the 
formation in a third stage of secondary mineralized breccia 
(Fig. 4.11f, g) by total replacement of the matrix by opaque 
minerals. 
 In massive sulﬁde replacement zones the volume 
decrease as a consequence of pyrite replacement of the 
initial silicate mineralogy of the host rocks resulted in 
the formation of open-spaces in some places, therefore in 
secondary permeability, which may have resulted in the 
development of collapse breccia (Corbett and Leach, 1998). 
The discharge of the hydrothermal ﬂuids into this rock type 
formed the secondary mineralized breccia (Fig. 4.11h), 
by inﬁll of open spaces by Cu-As-S economic minerals. 
The presence of large enargite crystals in the matrix of 
the secondary mineralized breccia are in agreement with 
this interpretation (Fig. 4.11i). Other possibilities to 
form mineralized breccia are to develop veins and thus 
mineralization with a tectonic breccia and/or directly by a 
rapid discharge of pressurized hydrothermal ﬂuids inside 
massive sulﬁde replacement zones. 
 These different rheological properties, location, 
abundance of rock types which host the mineralization, 
including massive andesite, phreatomagmatic breccia and, 
pyroclastic and sedimentary layers, control the formation 
and the evolution of the different hydrothermal breccia 
systems and the associated mineralization stages.
 Breccia formation formed by hydraulic fracturing 
caused by the explosive release of overpressured ﬂuid in 
the deeper located ﬂuid reservoir, resulted in the formation 
of transient, high-ﬂuid ﬂow conduits. Therefore, fracture 
permeability is likely to be more important in host rocks 
composed mostly of phreatomagmatic breccia and massive 
andesite, with abundant veins and fractures. The spatial 
distribution of the types of hydrothermal breccias is tightly 
correlated with the nature of the host rocks, and therefore 
hydrothermal breccias control the subsequent shape of the 
mineralized body. In the northeastern part of the mine, veins 
and abundant dissemination form a dense three-dimensional 
network, in contrast to the western part of the mine which is 
mainly characterized by massive sulﬁde replacement. 
 To sum up we can propose a three stage scenario for 
the development of hydrothermal breccias in the different 
rock units at Chelopech (Fig. 4.11):
 -1: Early alteration (advanced argillic alteration) and 
formation of massive sulﬁde replacement and dissemination 
in volcanic tuff and sedimentary rocks, and early generation 
of hydrothermal injection breccia in andesitic hypabyssal 
body and phreatomagmatic breccia, most likely linked to 
the Fe-S stage.
 -2: Formation of the secondary polymictic 
hydrothermal breccia, associated with the economic ore 
stage at Chelopech.
 -3: Emplacement of veins and secondary mineralized 
breccia controlled by preexisting breccia conduits. This 
breccia type is also formed during the economic Cu-As-S 
Au-bearing ore stage.
Evolution of the Chelopech epithermal high-
sulﬁdation deposit
 Surface and underground mapping, drillcore 
descriptions, and published geochronological data permit us 
to unravel the evolution of the Chelopech deposit from the 
Late Cretaceous to the present (Fig. 4.12). The evolution 
cannot be reconstructed in detail, due to the lack of alteration 
and ore minerals available for absolute geochronology. 
Nevertheless, a detailed structural study and investigation of 
the geometric relationships among the various units enable 
us to identify four principal stages during the evolution of 
the Chelopech deposit.
Chelopech magmatism and volcanism 
 Recent studies have determined the oldest 
magmatic rocks in the Chelopech area (Stoykov et al., 2004; 
and Chapter V). The oldest andesitic body has been dated 
at 92.21 ± 0.21 Ma (cf. Chapter V), and has probably been 
overprinted by the phreatomagmatic event, which formed a 
phreatomagmatic breccia. This phreatomagmatic breccia is 
intruded by an andesitic hypabyssal body (Fig. 4.13a) with 
an age of 91.45 ± 0.15 Ma (Fig. 4.12; Chambefort et al., 
2003). The presence of bioclastic and oolitic sedimentary 
rocks (originally limestone or marls) are interbedded with 
volcanic tuff including accretionary lapilli horizons (Fig. 
4.6), and indicate that volcanism at Chelopech took place 
in a coastal or lake environment where volcanic tuff were 
deposited with sedimentary rocks. Such a type of setting 
would be a favorable environment for the formation of a 
phreatomagmatic event, as a consequence of water-magma 
interaction.
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Fig. 4.12. Approximate evolution of the Chelopech epithermal high-sulﬁdation deposit. Time table is based on geologic mapping of wall rock 
and breccias relationships. Alteration and mineralization stages (Petrunov, 1994, 1995; Georgieva et al., 2002; Jacquat, 2003), U-Pb dating 
for Elatsite (Von Quadt et al., 2002), U-Pb dating for Vlaykov Vruh porphyry-Cu (Peytcheva et al., 2003) and U-Pb dating for the Vozdol syn-
volcanic breccia (Stoykov et al., 2004), open square is the U-Pb age for the andesitic hypabyssal body at Chelopech (Chambefort et al., 2003). 
Relative ages for sedimentary rocks from Stoykov and Pavlishina (2003, 2004). (ICS: International Stratigraphic Chart from the International 
Union of Geological Sciences)
 In numerous high-sulﬁdation epithermal deposits, 
the diatreme is generally thought to be the channel for the 
hydrothermal system (Sillitoe, 1985; Lepanto, Philippines, 
Garcia, 1991; Pueblo Viejo, Dominican Republic, 
Russell and Kesler, 1991 and Arribas et al., 1995). This 
phreatomagmatic breccia is then intruded by andesitic 
hypabyssal bodies. It is important to emphasize that 
non-welded volcanic tuff and sedimentary material, are 
only subordinate host rocks underground. Unfortunately 
it was not possible to determine precisely the shape of 
these rock units therefore it is not possible to link these 
units with a given volcanic process. Nevertheless, their 
presence provided a major control on the morphology of 
the ore bodies at the Chelopech deposit. Due to subsequent 
tectonic events and erosion, it is not possible to determine 
precisely the initial geometry of the system.
Hydrothermal system development
 The hydrothermal system is developed within 
primary volcanic rocks that are the phreatomagmatic 
breccia, the hypabyssal body with an andesitic texture and, 
volcanic tuff and associated sedimentary rocks. Typical 
high-sulﬁdation alteration assemblages overprint the 
initial mineralogy, and the development of the alteration is 
directly controlled by hydrothermal system release within 
the different rock units along preexisting faults (Fig. 
4.13b; cf. Chapter III). The hydrothermal injection breccia 
and the secondary polymictic hydrothermal breccia are 
well-developed in phreatomagmatic breccia and massive 
andesite, and were the loci of the main hydrothermal ﬂuid 
pulses. The mineralization occurs in the form of veins, 
lenses of massive sulﬁde and chieﬂy dissemination. 
 At the periphery of the system, some base and 
precious metal veins (e.g. Vozdol mineralization, Fig. 
4.2), are encountered, where they are hosted by the basal 
sandstone formation and a dacitic dome-like body. Some 
authors postulate that this mineralization is directly linked 
to the Chelopech deposit (Mutafchiev and Petrunov, 1996). 
In the literature, several high-sulﬁdation deposits have 
been described with peripheral mineralized vein systems 
of intermediate sulﬁdation type, (Lepanto-Victoria-Far 
Southeast deposits, Philippines, Hedenquist et al., 2000; 
Hedenquist et al., 2001).
Pull-apart basin development
 The Chelopech volcanism ended with the eruption 
inducing the formation of the Chugovista syn-volcanic 
breccia, and the resedimented syn-eruptive volcaniclastic and 
syn-volcanic breccia of Vozdol at 91.3 ± 0.3 Ma (Stoykov et 
al., 2004). The latter is interﬁngered with the Turonian two 
mica volcanogenic sandstone and both compose the base of 
the sedimentary rock succession, which has been deﬁned 
as the Chelopech Formation (Moev and Antonov, 1978). 
The presence of these syn-volcanic breccia units which are 
characterized by an aqueous setting and interﬁngered with 
volcanogenic sandstone are also in favor for a volcanism 
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Fig. 4.13. Schematic model cross sections from SE-
NW, summarizing the four principal evolution stages of 
the Chelopech high-sulﬁdation deposit. a. Chelopech 
magmatism and volcanism, b. hydrothermal system 
development, MS: massive sulﬁde, HS: high-
sulﬁdation state, AAA: advanced argillic alteration, 
Cu-As-S: development of the veins from the economic 
stage of the Chelopech mineralization, c. pull-apart 
basin development, d. Tertiary tectonism and actual 
situation.
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in a lake or coastal environment. The presence of late 
alteration veins of celadonite and ilmenite in the Vozdol 
and Chugovista breccias are in favor of a marine coastal 
environment of these units. The Vozdol breccia and the two-
mica sandstone unit could be interpreted as a crater inﬁll 
of the phreatomagmatic diatreme in agreement with Popov 
and Kovatchev (1996), however we have no evidence of an 
older crater. The beds of volcanoclastic breccia document 
the destruction of a volcanic ediﬁce. This Late Cretaceous 
sedimentary succession took place in a transtensional dextral 
strike slip system related to pull-apart basin formation in 
the Panagyurishte corridor (Fig. 4.13c; Jelev et al., 2003; cf. 
Chapter III, Fig. 3.10a). 
 The relationship of this volcanic breccia with the 
Chelopech deposit is ambiguous. Popov and Kovatchev 
(1996), Popov et al. (2000), Stoykov et al. (2002, 2004) 
and Georgieva et al. (2004) consider the Vozdol breccia 
formation as the terminal stage of the Chelopech deposit 
formation, because the Vozdol breccia is interﬁngered with 
unaltered Turonian two-mica sandstone which covers the 
Chelopech deposit (Fig. 4.2). However this Vozdol syn-
volcanic breccia has also been altered along its northern 
part, in the Petrovden area (cf. Fig. 2.9). It was not possible 
to determine if the Petrovden alteration area is linked or not 
to the Chelopech hydrothermal system. Nevertheless, if both 
hydrothermal alterations are contemporaneous, it means 
that the Vozdol resedimented syn-eruptive volcaniclastic 
and syn-volcanic breccia cannot correspond to the end of 
the Chelopech hydrothermal system, but only deﬁnes the 
end of the volcanism. On the contrary, if the Petrovden 
alteration zone is younger and unrelated to the hydrothermal 
alteration at the Chelopech deposit, it follows that this 
breccia sets a minimum age for the Chelopech deposit, and 
that some hydrothermal activity postdates the formation of 
the Chelopech deposit.
 The upper part of the sedimentary rock succession, 
characterized by reddish limestone and ﬂysch of the 
Mirkovo and Chugovista Formations, respectively, has 
been interpreted as having been deposited under deeper 
marine conditions during the Maastrichtian (Stoykov and 
Pavlishena, 2003). This reveals an unconformity and an 
erosional gap from Turonian to the Maastrichtian, prior to 
the deposition of the sedimentary rock units. The presence 
of ﬂysch sedimentation suggests the beginning of the Alpine 
tectonics.
Tertiary tectonic activity 
  During the Tertiary, the Chelopech deposit was 
tilted to the north and strongly deformed during strike-slip 
fault tectonics (Fig. 4.13d; Jelev et al., 2003; cf. Chapter 
III, Fig. 3.10b). After this compressional stage, the area 
underwent fault reactivation during regional extension of 
the Panagyurishte mineral district (cf. Chapter III). Thrust 
faults at Chelopech were reactivated as normal faults, which 
resulted in the formation of the southern Chelopech basin 
(cf. Chapter III, Fig. 3.10c). 
Conclusions
 In numerous high-sulﬁdation deposits, breccias 
are abundant and well described. However, the volcanic 
environment is not well documented. This study provides 
an example for a Mesozoic deposit that was overprinted 
by tectonic activity and where the initial relationships are 
not preserved. The development of hydrothermal breccias 
and associated mineralization in the Chelopech deposit 
evolution were determined by detailed lithological mapping 
and macroscopic to microscopic petrography focusing on 
different breccia types, which reveal that the development 
of the hydrothermal system depends strongly on the 
different initial lithologies present. Alteration and change 
of the matrix permeability in both rock types inﬂuenced 
drastically the hydrothermal ﬂuid conduits and consequently 
the location of the feeder zone and the development of 
secondary hydrothermal breccia, which reﬂects directly the 
geometry of the hydrothermal system. 
 This study shows that a detailed knowledge of 
breccia formation processes and spatial distribution of 
breccias are essential in production mining, and could 
be used as a predictive tool to study the geometry and 
the distribution of the mineralization in high-sulﬁdation 
deposits.
  The volcanic and hydrothermal evolution of the 
Cu-Au high-sulﬁdation epithermal deposit of Chelopech 
is similar to the general geology and evolution of younger 
high-sulﬁdation deposits in the world, such as Lepanto, 
Philippines (Hedenquist et al., 1998), Pueblo Viejo, 
Dominican Republic (Muntean et al., 1990), and others, 
except the Alpine tectonic overprint.
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Abstract
 The Chelopech deposit is one of the largest European gold deposits located 60 km east of Soﬁa, within the northern 
part of the Panagyurishte ore region and lies within the Banat-Srednegorie metallogenic belt extending from Romania through 
Serbia to Bulgaria. The Panagyurishte mineral district is characterized by an alignment of several Cu-Au porphyries and 
epithermal high-sulﬁdation deposits. Petrological and geochemical investigations of magmatic rocks characterize a typical 
calc-alkaline magmatism. Non-altered samples have porphyritic textures with plagioclase (An30-An60), hornblende and 
minor biotite phenocrysts, and a microlitic mesostase. The magmatic rocks have been affected by propylitic, quartz-sericite 
and advanced argillic alteration, but the magmatic textures have been preserved. Alteration processes result in leaching and 
a decrease of the Na
2
O and CaO contents and an increase in K
2
O and Rb contents. Trace element variations are typical 
of subduction-related volcanism, with negative anomalies in HFSE and LILE. HFSE are relatively immobile during the 
alteration, whereas altered rocks are depleted in Sr and P
2
O
5
 and enriched in K, Rb. REE remained immobile during the 
alteration. Immobile element classiﬁcation diagrams have permitted to determine a range of compositions from andesite to 
dacite.
 Single zircon grains, from three different magmatic rocks spanning the time of the Chelopech magmatism, were 
dated by high-precision U-Pb geochronology. Zircons of an altered andesitic body, which has been thrusted above the deposit, 
yield a concordant 206Pb/238U age of 92.21 ± 0.21 Ma. This age is interpreted as the formation age of this body, and the 
maximum age for the magmatism at Chelopech. Zircon analyses on the Petrovden-Murgana dome like body give a mean 
206Pb/238U age of 91.95 ± 0.28 Ma. Zircons of the andesitic hypabyssal body hosting directly the economic mineralization give 
a concordant 206Pb/238U age of 91.45 ± 0.15 Ma. This youngest age is interpreted as the intrusion age, and the maximum age 
for the Chelopech epithermal high-sulﬁdation deposit.
 176Hf/177Hf isotope ratios of the Chelopech magmatic rocks, compared with published data on the Chelopech and 
Elatsite porphyry-Cu deposits, suggest two different magma sources and evolutions in the Chelopech-Elatsite magmatic 
area. Older magmatic rocks associated with the Elatsite porphyry-Cu deposit and the Murgana-Petrovden dacitic dome-like 
body, are characterized by εHf
T90
 values of ~ 5, which suggest an important input of mantle-derived magma. Some zircons 
of the same sample display low εHf
T90
 values close to -5 and suggest assimilation of old lead during magmatism. In contrast, 
zircon grains in andesitic rocks from Chelopech are characterized by homogeneous 176Hf/177Hf isotope ratio with εHf
T90
 values 
of ~ 1. These values suggest a homogeneous mixed crust-mantle magma source. Thus, the mantle input decreased from 
the magmatism associated with the Elatsite porphyry-Cu deposit to the magmatism associated with the Chelopech high-
sulﬁdation epithermal deposit, at the same period of time.
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Introduction
 Several studies have been realized to characterize 
the magmatism and the age of the volcanic–related porphyry-
Cu and epithermal deposits of the Panagyurishte mineral 
district, Bulgaria. The goal of the ABCD-GEODE project of 
the European Science Foundation was to relate the formation 
of ore deposits and magmatism to the geodynamic evolution 
of the Alpine-Balkan-Carpathian-Dinaride belt. Recent 
studies on the Panagyurishte mineral district, located in the 
Central Srednogorie Zone of Bulgaria, have characterized a 
latitudinal migration of the magmatism starting at 92.1 ± 0.3 
Ma in the North at the Elatsite porphyry-Cu deposit (Von 
Quadt et al., 2002, in press) and ﬁnishing at 78.54 ± 0.13 Ma 
in the South at the Capitan Dimitrievo pluton (Kamenov et al., 
2003; Von Quadt et al., in press).  The Elatsite porphyry-Cu 
(-Au, -PGE) deposit was typically described as genetically 
linked to the Chelopech high-sulﬁdation epithermal deposit 
in space and time (Popov et al., 2000, 2001; Strashimirov 
et al., 2002; Von Quadt et al, in press), based on the spatial 
association of these deposits. The Chelopech deposit has 
been dated previously as Late Cretaceous by Lilov and 
Chipchakova (1999) by the K-Ar method and by Stoykov 
et al. (2004) based on U-Pb dating on zircons. However, 
no previous work has precisely determined the age of the 
magmatic rocks which directly host the mineralization. 
 In this study, we focus on the petrological and 
geochemical characteristics of the magmatic host rocks of 
the Chelopech deposit, using preserved volcanic textures, 
immobile element geochemistry, spider trace element 
diagrams and Rare Earth element patterns. Microprobe 
analyses on magmatic plagioclase and amphibole were 
carried out to characterize the petrology of the Chelopech 
magmatic rocks. Precise U-Pb dating on magmatic zircons 
allowed us to constrain the timing of the Chelopech 
magmatism, and to determine a maximum age of the 
Chelopech magmatism and the related mineralization. The 
source of the magma has been constrained using Hf isotope 
systematic on single zircon grains.
Regional setting
 The Chelopech deposit is one of the largest Au 
deposits in Europe, located in the northern part of the 
Panagyurishte mineral district (Popov and Popov, 2000) of 
the Banat-Srednogorie tectonic zone (Figs. 5.1a, b).  This belt 
is considered as part of the Tethyan Eurasian metallogenic 
belt, which has been deﬁned recently as a subduction-
related arc (Lips, 2002), characterized by Late Cretaceous 
to Early Tertiary magmatic activity and ore deposit genesis. 
This belt extends from the Apuseni Mountains in Romania, 
through Serbia to the Black Sea coast in Bulgaria (Jankovic, 
1997; cf. Chapter I, Fig. 1.4). In Bulgaria, the Srednogorie 
belt consists of three magmatic segments the Western, 
Central and Eastern Srednogorie zones, deﬁned on the basis 
of the nature of the basement, the thickness of the crust, 
regional geophysical data, the composition of rocks and 
their petrological characteristics (Dabovski et al., 1991). A 
longitudinal petrochemical zoning is apparent, expressed 
by an increasing volume of magmatism and an increasing 
Fig. 5.1. a. The Srednogorie Belt in Bulgaria (simpliﬁed from 
Ivanov, 1988). b. Simpliﬁed geology of the Panagyurishte mineral 
district (after Cheshitev et al., 1995), U-Pb ages reported for the 
Panagyurishte deposits from Von Quadt et al. (in press), except 
Chelopech U-Pb ages from Stoykov et al. (2004).
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basicity and alkalinity from West to East (cf. Chapter I, Fig. 
1.5).
 The Panagyurishte mineral district, which is 
located in the Central Srednogorie, displays a NNW-
SSE alignment of epithermal and porphyry-Cu deposits, 
which is oblique with respect to the E-W elongation of the 
Srednogorie belt in Bulgaria (Fig. 5.1b). These deposits are 
associated with Late Cretaceous magmatic rocks intruded 
in a Paleozoic basement and associated with volcanic and 
volcano-sedimentary rocks. 
 The Chelopech high-sulﬁdation epithermal deposit 
is hosted by Late Cretaceous magmatic hypabyssal bodies, 
which are intruded in gneiss of the Pre-Rhodopian Formation, 
Cambrian metamorphic rocks of the Berkovitsa Formation 
and Turonian sandstone (Haydoutov et al., 1979) (Fig. 5.2; 
cf. Chapter II). The Chelopech deposit displays a typical 
epithermal high-sulﬁdation alteration, from an innermost 
advanced argillic alteration zone to a propylitic area in 
external parts of the mine (Georgieva et al., 2002). The 
mineralization is characterized by three successive stages 
of ore-forming processes. An early Fe-S pyrite-marcasite 
stage, characterized by disseminated pyrite, which results 
locally in a total replacement of the host rocks, is followed 
and partly brecciated by an intermediate Au-bearing Cu-As-
S stage, characterized by the presence of enargite-luzonite-
tennantite-bornite. Late-stage base metal veins including 
sphalerite and galena, postdate the previous mineralization 
stages (Petrunov, 1994, 1995; Jacquat, 2003). 
Previous dating in the Panagyurishte 
area
 The earliest age estimates of the Panagyurishte 
mineral district were based on K-Ar of whole rocks and 
mineral separates (Chipchakova and Lilov, 1976; Lilov and 
Chipchakova, 1999). A ﬁrst compilation of the published 
geochronological data is given by Ciobanu et al. (2002). 
Lilov and Chipchakova (1999) suggested four magmatic 
stages for the fresh volcanic and intrusive samples based 
on K-Ar dating. Stage I was characterized by an age of <91 
Ma, and the associated rocks were described as andesite 
and dacite. Basaltic andesite and basaltic trachyandesite of 
Stage II were dated at 91-88 Ma. Dacite and rhyodacite of 
Stage III were dated at 88-86 Ma, and Stage IV consisting 
of basaltic andesite and basaltic trachyandesite were dated 
at 67-65 Ma. Dabovski et al. (1991) proposed a range of 
ages for the Panagyurishte intrusive complexes from 80 
to 69 Ma (K-Ar ages).  It is important to note that K-Ar 
ages yield mixing ages and include large errors, because 
K is strongly mobile during alteration processes and also 
because of the likelihood of Ar diffusion. In the same way 
40Ar/39Ar age represent closure ages, and can be reset by 
later hydrothermal, tectonic and magmatic events, which 
can produce some modiﬁcations of the 39K content of the 
samples. The development of fractures inside analyzed 
phenocrysts by late tectonic or late hydrothermal events 
represents surface of potential Ar loss. Thus, Ar-Ar ages 
will be younger than the real age.
 Recent 40Ar/39Ar ages have been obtained from the 
Panagyurishte porphyry-Cu deposits (Lips et al., 2004) for 
magmatic hornblende and biotite, and hydrothermal white 
mica. The authors determined two different ages: one at ~ 
90.8 ± 0.8 Ma for magmatic hornblende and biotite from 
the Elatsite and Medet porphyry-Cu deposits, and a second 
one at ~ 79 to 80 Ma on white micas of the alteration 
assemblage from these deposits. Lips et al. (2004) offered 
three interpretations to explain these different 40Ar/39Ar 
ages. The authors suggested in a ﬁrst part of their discussion 
that the mineralization at the Elatsite and Medet porphyry-
Cu deposits is hosted by ~91 Ma-old pluton, whereas 
the hydrothermal mineral assemblage associated to the 
porphyry-Cu mineralization crystallized at 79 to 80 Ma. 
Alternatively, they suggested that the hydrothermal event 
occurred before 79-80 Ma but regional thermal conditions 
kept the ﬁne grained hydrothermal micas open for thermally 
activated argon diffusion until 79 to 80 Ma. In their abstract, 
the authors suggest a third explanation with two episodes of 
magmatic hydrothermal activity having affected the district, 
one at ~91 Ma and one at 79 to 80 Ma during which the 
white alteration micas were reset.
 Von Quadt et al. (in press) compiled newly available 
U-Pb data of magmatic rocks from the Panagyurishte 
mineral district. This method supports migration of the 
Panagyurishte magmatism from North to South during 14 
Ma from 92.10 ± 0.3 for the Elatsite porphyry-Cu deposit 
(Von Quadt et al., 2002) to 78.54 ± 0.13 Ma for the Capitan 
Dimitrievo pluton (Kamenov et al., 2003). Cu-Au deposits 
associated with this magmatism are restricted to the northern 
and central part of the proﬁle (Fig. 5.1b) with ages ranging 
from 92 Ma for the Elatsite porphyry-Cu deposit to 86.11 ± 
0.23 Ma for the Elshitsa granite which hosts the epithermal 
deposit and 85.65 ± 0.15 Ma for the Vlaykov Vruh porphyry-
Cu deposits (Peytcheva et al., 2003). The southernmost part 
expose more deeply eroded mid-crustal plutons devoid 
of economic mineralization. Von Quadt et al. (in press) 
interpret this ~14 Ma age progression from north to south as 
a result of gradual southward retreat of the subducting slab. 
The authors propose that the distribution of deposit types in 
the Panagyurishte mineral district and the absence of any 
economic mineralization in the southern transect probably 
relates more to erosional preservation than to systematically 
varying magmatic and metallogenic processes from north to 
south.
Previous dating in the Chelopech-Elatsite 
area
 Whole rock K-Ar dating gave a range of 90 to 80 Ma 
for the Chelopech magmatic rocks (Lilov and Chipchakova, 
1999). K-Ar dating on illite, smectite, sericite, biotite and 
amphibole yield ages in a range from 57 to 85 Ma and were 
interpreted as a time range of magmatism and alteration 
(Chipchakova and Lilov, 1976; Lilov and Chipchakova, 
1999). The K-Ar age dataset on whole rocks and minerals 
is very large and can be due to the limitation of the K-Ar 
method in tectonically and hydrothermally overprinted 
settings. A 40Ar/39Ar age of 89.95 ± 0.45 Ma was obtained 
by Handler et al. (2003) on biotite from the Vozdol breccia 
(Fig. 5.2).
 Von Quadt et al. (2002) published new U-Pb ages on zircon 
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Fig. 5.2. Geological map and cross section of the Chelopech epithermal deposit.
V-99
Chapter V
for the different magmatic rocks which host the Elatsite 
porphyry-Cu deposit, immediately north of Chelopech 
(Fig. 5.1b). Zircons from the main quartz-monzodiorite 
intrusion, which hosts the main ore stage, were dated at 92.1 
± 0.3 Ma. Zircons of one of the ore forming dyke, which 
crosscuts the main mineralization event, gave a mean age of 
91.84 ± 0.3 Ma. The latest weakly mineralized amphibole 
porphyry dyke was dated at 91.42 ± 0.15 Ma. Von Quadt 
et al. (in press) suggested that the ore-formation process at 
the Elatsite porphyry-Cu deposit was, therefore, completed 
within a time window of 0.9 Ma. 
 Zimmerman et al. (2003) support these U-Pb ages 
with Re-Os ages for Elatsite mobybdenite. Their samples 
represent the main ore stage stockwork and the Re-Os ages 
range from 92.43 ± 0.04 to 92.03 ± 0.05 Ma. They suggest 
a minimum absolute life span of 400,000 ± 90,000 years for 
the stockwork mineralization. 
 This study has been realized to precisely date 
the magmatic rocks which are the immediate hosts of the 
Chelopech high-sulﬁdation deposit and of altered magmatic 
rocks in the Chelopech area.
Petrology of the Panagyurishte magmatic 
rocks 
 The evolution of the Late Cretaceous magmatism in 
the Panagyurishte mineral district was studied by numerous 
authors. They systematically describe a variation from north 
to south with abundant subvolcanic and effusive rocks in the 
north, while the southern part of the Panagyurishte mineral 
district is characterized by intrusive rocks. The Panagyurishte 
magmatic rocks are part of the Central Srednogorie Zone 
deﬁned by Dabovski et al. (1991). The authors determined 
a calc-alkaline composition for the magmatism, with a 
basaltic to andesitic composition, associated with high-
K calc-alkaline to shoshonitic magmatic rocks. Andesitic 
magmas predominate in the northern and central part of the 
Panagyurishte district, whereas granodiorite intrusions are 
more present in the south, associated with rhyodacite and 
rhyolite (Boccaletti, 1978; Kamenov et al., 2003; Von Quadt 
et al., in press).
 Dimitrov (1960, 1974, 1983) described a magmatic 
evolution from amphibole-bearing andesite to plagioclase-
bearing rhyolite, based on a petrographical study and major 
element analyses. He suggested an evolution from calc-
alkaline to more alkaline magmatic compositions with time, 
and explained the acidic composition of magmatic rocks in 
the southern part of the district by a more important crustal 
assimilation.
 All authors agree with a calc-alkaline to high-K 
calc-alkaline composition for the Panagyurishte magmatic 
rocks, and they associate the economic mineralization to 
potassic calc-alkaline magmatic rocks. They associated 
the Panagyurishte magmatism with arc-related destructive 
continental and/or volcanic margin (Popov and Popov, 1997; 
Stoykov et al., 2002, Kamenov et al., 2003; Von Quadt et al., 
in press). Von Quadt and Peytcheva (2004) and Von Quadt 
et al. (in press) interpret recent Hf, Nd, Sr and Pb isotopic 
data as showing a decrease of the crustal component in 
the magma source from the northern to southern part of 
the Panagyurishte mineral district, except for the Elatsite 
magmatic rock source which clearly has a mantle source with 
a crustal assimilation (Von Quadt et al., 2002), in agreement 
with the high Re contents suggesting a mantle involvement 
in an arc-subduction environment (Zimmerman et al, 2003). 
The authors suggest that the higher crustal contamination of 
the Cretaceous mantle magma in the north may be controlled 
by an incursion of asthenospheric material into the mantle 
wedge above the subducting slab, during a slab roll-back, in 
agreement with geochronological data.
Previous data on the Chelopech-Elatsite magmatic 
area
 Popov and Kovatchev (1996) and, Popov and 
Popov (1997, 2000), on the basis of previous K-Ar ages 
(Chipchakova and Lilov, 1976) and petrological studies, 
determined four independent magmatic stages in the 
Chelopech area. The authors describe early subvolcanic 
intrusive rocks, which are mainly E-NE- oriented. These 
magmatic bodies are exposed in the northern part of 
the Chelopech area, and are known as the Murgana and 
Petrovden bodies (Fig. 5.2, cf. Fig. 2.5). They describe a 
second magmatic stage associated with the emplacement 
of the so-called Chelopech volcano. The authors identify 
a volcanic cone, which consists of block, agglomerate and 
lapilli, rare ash tuff intercalating with lava ﬂows and lava 
sheets (cf. Chapter III, Figs. 3.5a, 3.6). They report the 
presence of several successive necks with radial-concentric 
faults around them. Popov and Kovatchev (1996) suggest 
the formation of a caldera at the end of the effusive activity, 
inﬁlled by the two mica sandstone unit (Fig. 5.2). They 
describe late subvolcanic andesitic intrusions at Chelopech 
and a granodiorite intrusion in the Elatsite area. At Chelopech 
these bodies intrude what Popov and Kovatchev (1996) 
describe as the Chelopech caldera, and cut previous porphyry 
rocks at Elatsite. According to Popov and Kovatchev (1996) 
the emplacement of these subvolcanic bodies was followed 
by the hydrothermal events, which formed the Chelopech 
high-sulﬁdation and the Elatsite porphyry-Cu deposits. The 
authors describe a post-mineralization magmatic event, 
characterized by the formation of the so-called Vozdol 
volcano, exposed in the northern part of Chelopech in the 
Vozdol Valley (Fig. 5.2). This Vozdol “neck” has been 
described by Popov and Kovatchev (1996) and Popov and 
Popov (2000) as cutting the eastern part of the Chelopech 
volcano (cf. Fig. 3.6). Furthermore, the authors describe 
pieces with ore mineralization and hydrothermally altered, 
inside this Vozdol breccia whereas Georgieva et al. (2004) 
only describe altered volcanic rock clasts. Thus according to 
these authors this Vozdol “neck” has to be considered as the 
post-mineralization latest magmatic event in the Chelopech 
area.
 Popov et al. (2001) recognize a regional 
geomagnetic anomaly in the northern Panagyurishte district 
which they interpret as a shallow large magmatic chamber 
beneath the entire Elatsite-Chelopech area.
 The most recent study on the petrology and 
geochemistry of the Chelopech magmatic rocks, based on 
major, trace and Rare Earth elements chemistry, isotopic 
studies, and U-Pb dating is by Stoykov et al. (2002, 2004). 
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They attribute the magmatism to island arc formation in 
the Srednogorie zone. The magmatic products have a calc-
alkaline to shoshonitic composition. The earliest magmatic 
rocks, based on U-Pb dating and previous descriptions of 
Popov and Kovatchev (1996), are described as the unit 1, 
consisting of the Murgana dome-like body dated at 92.3 ± 0.5 
Ma (Fig. 5.2), and unit 2, composed of lava and agglomerate 
ﬂows with an age of 91.3 ± 0.3 Ma. The magma evolved 
from more acid volcanic rocks with 61-64 wt% SiO
2
 to 
more basic ones, with 55 to 58 wt% SiO
2
 for the latest 
unit 3, know as the Vozdol lava breccia neck (Popov and 
Kovatchev, 1996), which is dated at 91.3 ± 0.3 Ma. Stoykov 
et al. (2002) suggest a chemically zoned magmatic chamber, 
associated with ubiquitous magma mingling. Sr, Nd and Hf 
isotope data argue for a mixed crustal-mantle origin for all 
magma units (Stoykov et al., 2002, 2004). 
 
Analytical techniques
 Major and trace element analyses were made by X-
ray ﬂuorescence at the University of Lausanne, Switzerland 
using a Philips PW 1400. The relative 2σ precision of major 
and trace element analyses depends of the concentration of 
the elements (Table 5.1). Rare Earth elements were analyzed 
by atomic absorption at the University of Geneva following 
the procedure of Voldet (1993) on ICP-AES. The relative 2σ 
precision is 5-10%.
 Electron microprobe analyses were carried out 
on magmatic amphibole and plagioclase, at the University 
of Lausanne, Switzerland, using a Cameca SX50, with a 
current of 15nA, and a high voltage of 15kV.
 High-precision conventional U-Pb zircon analyses 
were performed on single zircon grains at the ETH-Zurich, 
Switzerland. Selected zircons were air-abraded to remove 
marginal zones with lead-loss, washed in warm 4N nitric 
acid and rinsed several times with distilled water and acetone 
in an ultrasonic bath. Dissolution and chemical extraction of 
U and Pb were performed following Krogh (1973). Both Pb 
and U were loaded with silica gel and phosphoric acid on 
single Re ﬁlaments and measured on a Finnigan MAT 262 
thermal ionization mass-spectrometer using an ion counter 
system. Mean age values are given at the 2 sigma level. 
 Hf isotope ratios of zircons were obtained by 
measurement on a Nu Instruments multiple collector 
inductively coupled plasma mass spectrometer (MC-ICPMS; 
David et al., 2001) at the ETH-Zurich, Switzerland. During 
the analyses, we obtained the 176Hf/177Hf ratio of the JMC 
475 standard of 0.282141 ± 5 (1 sigma) using the 179Hf/177Hf 
= 0.7325 ratio for normalization. For the calculation of the 
�Hf values, the present day ratios (176Hf/177Hf)
CH
 = 0.28286 
and (176Lu/177Hf)
CH
 = 0.334 were used, and for 90 Ma a 176Lu/
177Hf ratio of 0.0050 for all zircons was taken into account.
New investigations on the petrology and 
geochemistry of Chelopech magmatic 
rocks at Chelopech
Whole rock petrology
 In this study only rocks in the immediate vicinity 
of the Chelopech mine are described and analyzed (Fig. 
5.2). Figure 5.3 presents thin section pictures of the different 
analyzed rock types, which characterize magmatic textures 
and the alteration zones of the Chelopech area. Fresh 
magmatic samples were selected from the Vozdol breccia 
(from magmatic clasts AI and AII, cf. Chapter IV) and 
Chugovista syn-volcanic breccia (cf. Chapter IV). Altered 
samples from the surface were selected above the mine 
and in the Petrovden area (Fig. 5.2). A subvolcanic body 
and altered volcanic tuff, which hosts the mineralization, 
sampled underground, were also analyzed (Fig. 5.2).
 The unaltered magmatic rocks at Chelopech 
display a porphyritic texture with a microlitic mesostase. 
The phenocrysts are plagioclase (~ 48 vol %), amphibole 
(~ 20 vol %), apatite (~ 2 vol %), minor biotite (~ 1 vol 
%), minor titanite (~ 1 vol %) and minor magnetite (Figs. 
5.3a, b). The groundmass is composed of ﬁne crystallized 
plagioclase and quartz. The AII clast type samples (cf. 
Chapter IV) present residual corroded quartz phenocrysts 
(Fig. 5.3b). The porphyric texture is still preserved in altered 
samples (Figs. 5.3c-h). 
 It is important to underline that biotite, contrary to 
the other phenocrysts, is systematically altered, even in so-
called “fresh” samples from surface samples. Biotite shows 
an alteration assemblage composed of titanite, quartz and 
calcite (Fig. 5.3c). The alteration minerals grow along the 
cleavage planes of the relict biotite. In the propylitic zone, 
alteration minerals such as chlorite, epidote, calcite, and 
titanite crystallize at the expense of ferromagnesian minerals 
(Fig. 5.3d). Figures 5.3e to g show the typical texture and 
mineralogy of quartz-sericite alteration. The porphyritic 
texture is well preserved but the magmatic mineralogical 
assemblage is completely replaced by sericite, quartz, oxide, 
and pyrite. Georgieva et al. (2002) also describe alumino-
phosphate-sulfate (APS) minerals in this alteration zone. In 
the advanced argillic alteration zone, the initial magmatic 
texture is also preserved (Fig. 5.3h), even though the 
mineralogical study shows a quartz-clay mineral assemblage 
associated with disseminated pyrite. Preserved pumice and 
bedding textures are still recognizable in advanced argillic 
altered volcanic tuff (Figs. 5.3i and j).
Fig. 5.3. Different magmatic textures and alterations of the magmatic 
rocks from the Chelopech area. a. Porphyric texture of the syn-
eruptive Vozdol breccia clast, b. Corroded quartz phenocryst in a 
porphyric clast of the Vozdol breccia, c. Typical biotite alteration with 
titanite, sericite and oxide, characteristic of all biotite in so-called 
«fresh» samples, d. Propylitic altered sample with distinguishable 
porphyric texture, e. Quartz-sericitic altered sample of the 
Petrovden area, with resorbed quartz phenocryst, f. Quartz-sericite 
altered sample of underground subvolcanic rocks at Chelopech 
with preserved porphyric texture with amphibole ghosts, block 18 
level 405, g. Quartz-sericitic altered mine sample with porphyric 
texture showing totally sericitized plagioclase major phenocrysts, 
h. Argillic advanced mine sample, with preserved porphyric texture 
with totally replaced plagioclase phenocrysts by clay minerals, 
presence of vuggy silica, block 151 level 405, i. Underground argillic 
advanced altered volcanic tuff with disseminated pyrite following the 
original bedding of the rocks, block 150 western gallery level 405, 
j. Preserved volcanic tuff «pumice», block 151 western gallery level 
405. (ana: anatase, ap: apatite, APS: alumino-phosphate-sulfate 
minerals, bt: biotite, calc: calcite, chl: chlorite, dick: dickite, ep: 
epidote, hb: hornblende, il: ilmenite, kao: kaolinite, mt: magnetite, 
ox: oxide, plg: plagioclase, py: pyrite, qtz: quartz, ser: sericite,  ttn: 
titanite, vug: vuggy silica).
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Geochemistry of the magmatic rocks at Chelopech
 One of the major problems in hydrothermally altered volcanic environments, especially in areas immediately next 
to the mineralization zone, is to interpret the initial rock units. At Chelopech, most of the primary mineralogy was partly or 
totally overprinted by the hydrothermal event. However, some samples from the Vozdol syn-volcanic breccia (Fig. 5.2) are 
relatively fresh, and it was possible to compare fresh magmatic rock samples from this area with strongly altered rocks within 
the ore deposit using preserved volcanic textures, immobile element geochemistry, spider diagrams and Rare Earth element 
patterns. Table 5.1 displays representative analyzes of fresh and altered samples of the Chelopech area. Figure 5.4 displays 
������ ������������������� ����������� ��������������� ����������������� �������������� ���
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Table. 5.1. Representative geochemical analyses of fresh and altered magmatic rocks of the Chelopech deposit area.
V-103
Chapter V
characteristic geochemical changes of the major element contents of fresh and altered samples, recalculated to volatile free, 
vs. the loss on ignition (LOI %), which is considered in this study as a monitor for alteration. LOI is determined by igniting 
a weighed sample at 1050°C, expressed in weight percent, and we assumed that LOI represents the combined proportion of 
H
2
O+ and CO
2
 in the rock, and fresh andesite have approximately a LOI of ~ 1.5%. 
 The SiO
2
 concentration of fresh samples varies from 58.2 to 66.8 wt%, whereas altered samples show an important 
variation in SiO
2
 content from 45 to 80 wt% (Fig. 5.4a). Alteration processes result in leaching and a decrease of the Na
2
O and 
CaO contents in the altered rocks (Figs. 5.4b, c). In contrast, the altered samples from the mine and the surface are enriched 
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Fig. 5.4. Major and trace elements versus LOI (%). LOI is considered as an alteration differentiation index.
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Fig. 5.5. a. Zr (ppm) vs. TiO2 (wt%) characterization of the immobile elements, b. Classiﬁcation of the magmatic rocks from the Chelopech 
area (from Winchester and Floyd, 1977).
in K
2
O (Fig. 5.4d). Rb is also strongly mobile during the 
hydrothermal alteration processes, and altered rock samples 
are also enriched in Rb (Fig. 5.4e). This is coherent with the 
increase of the K
2
O content in these samples. Plagioclase is 
replaced by sericite thus explaining the enrichment in K and 
depletion in Na and Ca, compared with a typical plagioclase 
composition (Figs. 5.3e-g). 
 The nature of the volcanic to subvolcanic rocks 
in the Chelopech area was determined using immobile 
elements with the Nb/Y versus Zr/TiO
2
 classiﬁcation 
diagram of Winchester and Floyd (1977). The reasonable 
correlation between TiO
2
 (%) and Zr (ppm) contents in 
fresh and altered samples (Fig. 5.5a) and the absence of any 
correlation with LOI (Figs. 5.4f, g) allows us to consider 
these elements as immobile during the alteration processes. 
However, the Y content is variable particularly in the most 
altered rocks (Fig. 5.4h). Therefore, the value of the Nb/Y 
ratio, which corresponds to the alkalinity index in Figure 
5.5b, is not a reliable parameter to classify magmatic rocks 
from the Chelopech area. This problem of classiﬁcation 
using Y concentrations and the Winchester and Floyd (1977) 
diagram has already been noted in previous studies (Finlow-
Bates and Stumpﬂ, 1981). In conclusion, only Zr/TiO
2
 
variations can be conﬁdently used for the original magmatic 
compositions. The samples plot mostly in the andesite ﬁeld, 
except for the Petrovden area in the classiﬁcation diagram 
by Winchester and Floyd (1977) based on these relatively 
immobile elements (Fig. 5.5b), which is in agreement with 
preserved andesitic volcanic textures presented in Figure 
5.3. 
 In brief, the Chelopech magmatic rocks from 
both surface and underground are very similar and have an 
andesitic composition. The magmatic rocks of the Petrovden 
area, considered as the altered counterpart of the Murgana 
dome-like body deﬁned by Stoykov et al. (2002), have a 
more dacitic composition with respect to the Chelopech 
magmatic rocks. The Petrovden dacite displays a higher Zr 
content compared to the Chelopech magmatic rocks (Fig. 
5.4g, 5.5a), and the K
2
O, Rb, Na
2
O and LOI (%) contents 
are also systematically intermediate between fresh and 
altered Chelopech magmatic rocks (Figs. 5.4b, d, e). 
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Fig. 5.6. REE Chondrite-normalized and trace element MORB-normalized patterns for the different Chelopech rock types. Chondrite 
normalization composition from Sun and McDonough (1989), MORB normalization composition from Pearce (1982). C16-01, V33-00, V58-00 
are trace patterns of the samples which have been dated.
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Fig. 5.7. REE fresh andesite-normalized average compositions for 
the Chelopech rocks. Fresh andesite composition from Stoykov et 
al. (2002).
Mineral chemistry of fresh magmatic rocks
 Tables 5.2a and 5.2b display representative 
microprobe analyzes of the principal phenocrysts in the 
andesitic sample of the Vozdol syn-eruptive breccia: 
plagioclase and amphibole. Table 5.2c displays microprobe 
analyses of apatite. Biotite phenocrysts were not analyzed 
because they are systematically altered (Fig. 5.3c).
 Plagioclase
 Plagioclase is the most abundant phenocryst phase, 
occurring in a spectrum of grain sizes from microlites to 
phenocrysts. Individual plagioclase phenocrysts are for the 
most part normally zoned and present a range of composition 
from An
 30
 to An
 60
 (Table. 5.2a, Fig. 5.8). The potassium 
content slightly increases with decreasing anorthite content 
(K
2
O up to 4 wt % for An
35
). Some K-feldspar microlites 
(~Or
 90
) are also present in the andesite mesostase. These 
results are similar to those obtained by Stoykov et al. 
������ ���������
����������
Fig. 5.8. Ternary diagram showing plagioclase phenocryst 
compositions of the Chelopech magmatic rocks, grey ﬁeld represent 
data from Stoykov et al. (2002).
Rare Earth elements and spider diagrams
 Rare Earth elements (REE) patterns and spider 
diagrams are shown in Figure 5.6. Five different groups of 
samples are presented: Figure 5.6a shows fresh andesitic 
samples from the Vozdol and Chugovista syn-volcanic 
breccias (Fig. 5.2), Figure 5.6b altered andesitic from 
underground subvolcanic bodies, Figure 5.6c altered 
andesitic rock from surface outcrops directly above the 
mine, Figure 5.6d altered dacitic rock from the Petrovden 
alteration zone (Fig. 5.2), and Figure 5.6e underground 
altered volcanic tuff. 
 All rocks have decreasing LREE and relatively 
ﬂat HREE patterns, and are typical for subduction-related 
volcanic rocks (Pearce, 1982). No signiﬁcant Eu anomaly 
is present in the REE spectra, suggesting that there is no 
plagioclase fractionation involved in the genesis of these 
rock types. To compare altered and fresh rock pattern, 
mean REE have been also normalized with fresh magmatic 
composition of fresh samples from Stoykov et al. (2002) and 
are reported on Figure 5.7. Altered andesite underground 
pattern shows an enriched composition in HREE whereas 
fresh rock-normalized REE patterns for altered rocks 
on surface are similar to the fresh rock samples. Altered 
volcanic tuff displays the same REE patterns as the massive 
volcanic rocks. 
 Trace element spider diagrams exhibit some 
variations between fresh and altered rock samples: fresh 
magmatic rocks (Fig. 5.6a) display negative anomalies 
in LILE (Sr, K, Rb, and Ba) and HFSE (Nb, Ti and Zr), 
characteristic of subduction-related magmatic rocks (Pearce, 
1982). 
 Altered hypabyssal bodies with preserved andesitic 
texture underground and on surface (Figs. 5.6b, c, d) are 
depleted in Sr and P
2
O
5
 compared to fresh andesitic rocks 
(Fig. 5.6a), and are enriched in K
2
O and Rb. Sr, K
2
O, Ba, 
Y, and P
2
O
5 
are thus strongly mobile
 
elements during the 
alteration processes. TiO
2
, Nb, and Zr appear to be immobile 
during the hydrothermal alteration, while the variable Ba 
concentration can be related to the presence or absence of 
barite in the alteration assemblages. Volcanic tuff (Fig. 5.6e) 
displays similar patterns to those of altered andesitic rock.
 Amphibole
 Amphibole is present in all Chelopech magmatic 
units. Individual phenocrysts are euhedral and occurring 
from 5 mm to microlite in size (Table. 5.2b, Figs. 5.3a, b). 
The amphibole displays for all samples a (Ca+Na)
B
 > 1, a 
(Na + K) > 0.5, a (Na)
B
 < 0.5 and a mg# ~ 0.55, and thus are 
classiﬁed as calcic amphibole. The amphibole compositions 
are within the pargasite hornblende, edenitic hornblende 
and magnesian-hastingsite hornblende ﬁelds of Leake et al. 
(1997).
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Table. 5.2. a. Representative plagioclase microprobe analyses of the Vozdol syn-volcanic breccia clasts. b. Representative amphibole 
microprobe analyses of the Vozdol syn-volcanic breccia clasts. 
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 Apatite
 Microprobe analyses on magmatic and hydrothermal apatite show different characteristics of these hydrothermal 
ﬂuids. Table 5.2c displays representative microprobe analyzes of apatite in the andesite sample of the Vozdol syn-eruptive 
breccia and hydrothermal apatite sampling on a deep drillcore (Georgieva, S. sample: personal communication). Electron 
microprobe analyses were carried out at the University of Lausanne (Switzerland), using a Cameca SX50, current 30nA, and 
high voltage 15kV. As the other phenocrysts, the apatite is present in all rock types, in minor proportion as euhedral crystals and 
occurring from ~200 µm to 1 mm in size in the groundmass and as inclusions in amphibole and biotite phenocrysts. Magmatic 
apatite has low Na2O contents (< 0.1wt %), S contents below 1wt% and Cl contents of 0.5 to 1 wt% (Table. 5.2c). The ﬂuorine 
contents vary from 1.5 to 2.3 wt%. Hydrothermal apatite, like magmatic apatite, has low Na2O contents, S contents varying 
from 0.2 to 0.4wt%, but no detectable Cl. Figure 5.9 displays the halogen and OH variations in magmatic apatite from fresh 
and altered surface and underground magmatic rocks, and from drillcore samples in which hydrothermal apatite is associated 
with diaspore and zunyite. Magmatic apatite is essentially hydroxy-ﬂuoroapatite with a relative enrichment in Cl contents in 
parallel to the alteration intensity. In contrast hydrothermal apatite does not have any detectable Cl content, and are, therefore, 
classiﬁed as ﬂuoroapatite. In fact the partitioning of F, Cl and OH between mineral and ﬂuid controls the composition of the 
apatite. 
 The ﬂuoroapatite composition of hydrothermal 
apatite in deep drillcore alteration assemblages, associated 
with diaspore, rutile, zunyite, quartz and clays minerals is 
generally admit for hydrothermal veins (Zhu and Sverjensky, 
1991). Based on thermodynamic modeling the authors 
determined that the partitioning of Cl between minerals 
and ﬂuids as a function of pressure whiles the partitioning 
of F between mineral and ﬂuid is not. This is because of 
the difference between the dependence of HCl° and HF° 
dissociation on pressure. However, predicted relative 
dominance ﬁelds for the hydroxyapatite, chlorapatite and 
ﬂuoroapatite components for different temperatures and 
pressures (Fig. 5.10a, Zhu and Sverjensky, 1991) show 
that at temperatures from 25 to 400°C, apatite should be F-
rich under conditions corresponding to hydrothermal vein 
environments. With an increase of temperature and pressure, 
however, the stability ﬁeld for hydroxyapatite steadily 
expands. In magmatic conditions, apatite is enriched in OH- 
and Cl contents compared to hydrothermal apatite, due to 
the extended stability ﬁeld of the hydroxyapatite at high 
Fig. 5.9. Halogen and OH variations in apatite from magmatic rocks 
of the Chelopech area. a. Magmatic apatite of fresh and altered 
andesitic samples, b. Drill core samples of hydrothermal apatite 
crystallized at depth (sample B91; Georgieva).
Table. 5.2. c. Representative apatite microprobe analyses.
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pressure and temperature (Fig. 5.10a). 
 The analyzed samples of the hydrothermal apatite 
are selected from a deep drillcore and there is no evidence to 
link this hydrothermal apatite with the ﬂuids responsible of 
the Chelopech alteration shown by altered magmatic apatite 
samples. 
 The enrichment of Cl and OH- contents in magmatic 
apatite with the alteration intensity can be attributed to a 
direct enrichment of Cl with the alteration, or a decrease 
of F content due to the alteration. An enrichment of Cl 
content suggest that the ﬂuids responsible of the Chelopech 
alteration were enriched in Cl which is not in agreement 
with the general low salinity of the hydrothermal ﬂuids 
admitted for high-sulﬁdation epithermal deposits (Arribas, 
1995; Cooke and Simmons, 2000; Hedenquist et al., 2000; 
Sillitoe and Hedenquist, 2003).
 The relationship between apatite chemistry and 
ﬂuid chemistry can be deﬁned in our case by the apatite-
ﬂuid exchange reactions:
Ca5(PO4)3F + H2O = Ca5(PO4)3OH + HF (Treloar and 
Colley, 1996)
Ca5(PO4)3F + HCl = Ca5(PO4)3Cl + HF 
Ca5(PO4)3Cl + H2O = Ca5(PO4)3OH + HCl
 The hydrothermal ﬂuids associated with high-
sulﬁdation epithermal deposits are acidic and oxidizing 
ﬂuids with a low salinity. The alteration of magmatic 
apatite is due to the circulation of this type of ﬂuids in 
the Chelopech deposit. The decrease in F content and the 
increase in OH- content in the magmatic apatite with the 
alteration is probably a function of the pH of the ﬂuid, the 
temperature and the dissociation constant of F--HF and Cl--
HCl. Figure 5.10b shows the relative dissociation constants 
for acids and bases as a function of temperature (Barnes, 
1997). For temperature close to 200°C and at low pH the 
ﬂuid composition is dominated by H+, HF and Cl-. This 
observation suggest that the F content of the magmatic 
apatite is remobilized in the ﬂuid, and could explained the 
decrease of the F content of altered magmatic apatite and 
the increase of OH- content, in agreement with the reaction 
Ca5(PO4)3F + H2O = Ca5(PO4)3OH + HF.
Fig. 5.10. a. Relative dominant ﬁeld for hydroxyapatite (Hap), 
ﬂuoroapatite (Fap) and chloroapatite (Clap) components in apatite 
solid solution up to 1000°C and 5kb (after Zhu and Sverjensky, 
1991), b. Dissociation constants for inorganic acids and bases 
between 25°C and 350°C, from Barnes (1997).
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Fig. 5.11. Characteristic morphology of analyzed zircons, a. sample 
V33-00, b. sample V58-01 and c. sample C16-01.
Geochronological  studies of the 
Chelopech deposit
 Isotopic U-Pb dating of the Late Cretaceous 
andesitic bodies from the Chelopech area, which directly 
host the mineralization or were altered by the Chelopech 
hydrothermal system, were investigated with different 
purposes: to determine a maximum age of the Chelopech 
epithermal deposit, to clarify the possible relationship of the 
Chelopech deposit with the Elatsite porphyry-Cu deposit, 
located 6 km to the North, and to determine the timing 
of these magmatic rocks on a regional geologic scale. 
Unfortunately during this study, no unaltered intrusive 
rocks have been found crosscutting the mineralization to 
determine a minimum age for the Chelopech deposit.
 Zircons were separated from three selected samples, 
two from surface outcrops in the mine area: on surface in 
the Petrovden zone and directly from the upper part of the 
mine to determine the relationship with the underground 
subvolcanic body, and one sample from a subvolcanic 
rock which is the immediate host of the mineralization 
underground (Fig. 5.2). 
 Hydrothermal anatase and rutile were also 
separated to date the hydrothermal event. Unfortunately, the 
U content is to low in these phases to generate signiﬁcant 
measurable radiogenic lead to date this event. In the same 
way, hydrothermal white micas were too ﬁne to obtain a 
pure mineral separate adequate for 40Ar/39Ar dating.
Description of dated samples 
   Sample V33-00
 This sample comes from altered rocks just above the 
Chelopech underground mine (Fig. 5.2). It is characterized 
by an argillic alteration which has overprinted the initial 
mineralogy. Clay minerals and sericite are essentially 
developed by replacement of plagioclase phenocrysts of the 
initial porphyric texture. Hydrothermal quartz crystallizes in 
the mesostase, with anatase and minor alumino-phosphate-
sulfate (APS) minerals. Zircon is preserved from the 
hydrothermal alteration and is relatively abundant (Fig. 
5.11a). Grains are euhedral prismatic and are ~50 to 120 µm 
long.
 Sample V58-01
 This quartz-sericite altered sample comes from an 
outcrop on the Petrovden top (Fig. 5.2). It is a sample of the 
altered part of the Murgana dacitic dome-like body deﬁned 
by Stoykov et al. (2002). This rock presents a preserved 
porphyric texture with resorbed quartz phenocrysts (Fig. 
5.3e). Plagioclase phenocrysts are totally replaced by sericite 
crystals and minor hydrothermal quartz. The mesostase is 
composed of a very ﬁne assemblage of sericite and quartz. 
Hydrothermal anatase is also present and has incorporated 
Ti released during alteration of magmatic ferromagnesian 
minerals. Zircon grains are of two types: prismatic (Fig. 
5.11b) and thick-set and are typically ~40 to 100 µm long.
 Sample C16-01
 This sample comes from the exploitation block 
18 on level 405 of the mine (cf. Chapter II, Fig. 2.11) and 
represents the hypabyssal body with andesitic texture which 
is the immediate host of the mineralization (Fig. 5.2). It 
displays an argillic alteration associated with disseminated 
pyrite. The porphyric texture is more or less preserved. As 
the other dated samples, zircon grains are very abundant 
(Fig. 5.11c). Crystals are thick-set, rarely prismatic with a 
~160 to 220 µm in size.
U-Pb geochronology
 U-Pb zircon isotope data are reported in Table. 
5.3. Five zircons were separated and analyzed from sample 
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Fig. 5.12. U-Pb concordia diagram of the altered magmatic rock on surface V33-00. 
Table. 5.3. U-Pb zircon isotope data for the Chelopech magmatic rocks – samples V33-00 – V58 -01– C16-01.
#abr.- abraded, non abr. - non abraded, Rho - correlation coeﬁcient 206Pb/238U - 207Pb/235U
N
Sample/
size 
fraction, 
µm
weight in 
mg
# U ppm Pb ppm 206Pb/204Pb 206Pb/238U 2σ error 207Pb/235U 2σ error 207Pb/206Pb 2σ error
206Pb/238U 207Pb/235U 207Pb/206Pb
Rho
apparent ages
V 33
1
zircon
2752
0.0246 abr 164.1 2.668 941.1 0.014778 0.000072 0.098194 0.000560 0.04819 0.000130 94.57 95.11 108.6 0.88
2
zircon
2753
0.0163 abr 169.7 2.828 457.5 0.014528 0.000083 0.096011 0.000778 0.047931 0.000256 92.98 93.09 95.85 0.74
3
zircon
2754
0.0244 abr 135.0 2.194 681.3 0.014443 0.000107 0.095149 0.000761 0.047778 0.000148 92.44 92.29 88.3 0.92
4
zircon
2755
0.0116 abr 181.5 2.942 667.1 0.014315 0.000067 0.094843 0.000654 0.048051 0.000231 91.63 92.01 101.8 0.71
5
zircon
2756
0.0045 abr 499.1 7.882 637.5 0.014419 0.000076 0.095476 0.000640 0.048023 0.000187 92.29 92.59 100.4 0.82
6
V 58
6
zircon
2760
0.0080 abr 292.6 15.41 1532.7 0.049826 0.000269 0.361471 0.002458 0.0526157 0.000201 313.4 313.3 312.3 0.82
7
zircon
2762
0.0013 abr 226.2 9.509 1938.3 0.039661 0.000182 0.307666 0.001477 0.0562619 0.000056 250.7 272.4 462.7 0.98
8
zircon
2763
0.0014 abr 110.2 6.229 2969.3 0.056364 0.000282 0.438085 0.002278 0.0563709 0.000062 353.5 368.9 467.1 0.97
9
zircon
2758
0.0082 abr 203.3 3.459 425.5 0.014334 0.000067 0.095006 0.000789 0.0480682 0.000312 91.75 92.16 102.63 0.62
10
Zircon
2761
0.0033 abr 279.6 4.706 450.6 0.014397 0.000071 0.094238 0.000942 0.047470 0.000394 92.15 91.44 72.96 0.57
11
zircon
2759
0.0045
non
abr
282.9 4.258 179.1 0.013898 0.000067 0.092217 0.000821 0.0481205 0.000342 88.98 89.57 105.2 0.59
C16-01
12
zircon
2640
0.0078 abr 128.6 2.438 244.6 0.014280 0.000107 0.094353 0.003585 0.0479202 0.001677 91.41 91.55 95.33 0.44
13
zircon
2641
0.0116 abr 149.2 2.427 532.2 0.014262 0.000084 0.094922 0.001595 0.048270 0.000724 91.29 92.08 112.5 0.46
14
zircon
2642
0.0012 abr 199.1 3.534 290.1 0.014320 0.000084 0.094871 0.002561 0.0480492 0.001225 91.66 92.03 101.7 0.43
15
zircon
2643
0.0007 abr 177.2 3.031 387.7 0.014287 0.000117 0.096298 0.002504 0.0488843 0.001173 91.45 93.35 142.3 0.44
16
zircon
2638
0.0149 abr 194.1 3.342 337.1 0.014062 0.000309 0.095454 0.005345 0.049233 0.002412 90.02 92.57 158.9 0.50
17
zircon
2639
0.0004
non 
abr
268.7 5.982 129.6 0.013785 0.000095 0.092035 0.003221 0.048423 0.001356 88.25 89.39 120.1 0.58
V33-00 and reported on a 206Pb/238U vs. 207Pb/235U concordia diagram (Fig. 5.12). Zircons 2753, 2754, 2755 and 2756 deﬁne 
a calculated concordant 206Pb/238U age of 92.21 ± 0.21 Ma (Ludwig, 1999). This age is interpreted as the formation age of the 
hypabyssal andesite. Zircon 2752 displays a minor proportion of inherited lead and it is not integrated in the calculation. The 
abraded zircons have a wide range of U contents from 135 to 499 ppm, and the Pb contents in the same grains range from 
2.194 to 7.882 ppm. 
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Fig. 5.13. U-Pb concordia diagram of the altered dacite dome-like body of the Petrovden zone V58-01. 
 Two out of six zircons analyzed for sample V58-01 of the Petrovden dacitic dome-like body, are concordant and 
display a mean 206Pb/238U age of 91.95 ± 0.28 Ma (2758, 2761, Table 5.3, Fig. 5.13a). One zircon grain has a larger proportion 
of inherited lead (2763, Table 5.3, Fig. 5.13b), yielding an age of 313.4 ± 1.6 Ma. Two zircon grains are discordant and deﬁne 
an upper intercept at 469.6 +9.9, -9.6 Ma (Fig. 5.13b). This discordia age is interpreted as an assimilation of Paleozoic crustal 
material. The zircon has a range of U contents from 110 to 293ppm, and Pb contents from 3.5 to 15.4 ppm. A non-abraded 
zircon grain (2759, Table. 5.3, Fig. 5.13b) displays a minor proportion of inherited lead, characterizing lead loss during 
evolution with time. 
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Fig. 5.14. U-Pb concordia diagram of the altered andesite subvolcanic body which hosts the mineralization, C16-01.
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Table. 5.4. Hf zircon isotope data for altered magmatic rocks of the 
Chelopech deposit.
 Six zircons of sample C16-01 were analyzed and are all concordant. Only four of them are used to deﬁne a mean 
206Pb/238U age of 91.45 ± 0.15 Ma (2643, 2642, 2640, 2641, Table 5.3, Fig. 5.14). A non-abraded zircon (2639, Table. 5.3, Fig. 
5.14) shows minor inherited lead and is not used in the calculation. Zircon 2638 displays an important error and it is also not 
used to determine the mean age. This age of 91.45 ± 0.15 Ma is interpreted as the intrusion age of the subvolcanic body which 
hosts the mineralization underground.
Hf isotopes
 The 176Hf/177Hf ratios for dataset zircons are shown 
in Table 5.4. Zircons of the andesitic body sampled on surface 
just above the mine (V33-00, in Fig. 5.2) yield a range of 
εHf recalculated at 90 Ma from 0.04 to 1.06. The Petrovden 
zircon sample (V58-01, in Fig. 5.2) has εHf values which 
vary from -5.84 to 4.32. There is a correlation between the 
incorporation of an increasing old lead component with low 
Hf ratios (Fig. 5.15). The zircons with the highest proportion 
of an old component have the lowest εHf value. Sample 
C16-01 (Fig. 5.2) has εHf values which range from 0.74 to 
1.56.
 Samples C16-01 and V33-00 display almost the 
same range of εHf values between 0.04 and 1.56 (Fig. 5.15). 
These values are characteristic of a mixed crustal and mantle 
origin for the magma, and deﬁne the same magma source 
for both magmatic units.
 In contrast, zircons from dacitic rocks of the 
Petrovden area (Fig. 5.2) show a large variation of the 
176Hf/177Hf ratios. Old lead enriched zircons have the lowest 
εHf values, which are characteristic of a crustal component, 
whereas youngest zircons display εHf values with a mantellic 
component in the magma source (Fig. 5.15). 
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Fig. 5.15. εHf values calculated for 90 Ma vs. 206Pb/238U apparent ages. Black symbols, this study, V33-00: altered andesite upper mine (mean 
average age 92.21+/-0.21 Ma), V58-01: Petrovden Murgana dacitic body (91.95+/-0.28 Ma), C16-01: altered andesite in the mine hosting the 
mineralization (91.45+/-0.15 Ma). Open symbols, data for the Elatsite porphyry-Cu from Von Quadt et al. (2002), HOR 1390: «big dyke» Unit 1, 
quartz-monzodiorite porphyry (92.1 +/- 0.3 Ma), LF 025: Unit 2, diorite porphyry (91.84+/- 0.31 Ma). Grey symbols, Chelopech magmatic rocks 
area from Stoykov et al. (2004), CH10: Unit 3, andesitic clast of the Vozdol breccia (91.3+/-0.3 Ma), CH56: Unit 2, lava and agglomerate ﬂow 
northern part of Chelopech (91.3+/-0.3 Ma), and CH114: Unit 1, trachydacite of the Murgana dome-like body (92.3 +/-0.5 Ma).
Discussion 
Evolution of the magmatism at Chelopech
 The Chelopech magmatic rocks are relatively 
homogeneous and display similar geochemical variations. 
Rare Earth element and trace element patterns are typical 
of subduction-related volcanism in an arc setting. These 
new analyses of the Chelopech magmatic rocks which host 
the Chelopech deposit are in agreement with the recent 
petrological study of Stoykov et al. (2002). Magmatic 
products are calc-alkaline with an andesitic to dacitic 
(Petrovden member) composition. In addition, Stoykov 
et al. (2002) describe shoshonitic compositions and high-
K volcanic rocks. We have shown that K
2
O and Na
2
O 
are strongly mobile in the hydrothermal area, even in so-
called “fresh” magmatic rocks (Fig. 5.4). Therefore, Na
2
O 
+ K
2
O vs. SiO
2
 (wt %) or K
2
O vs. SiO
2
 (wt %) diagrams 
(Le Maître, 1989; Stoykov et al., 2002) must be used with 
caution to classify magmatic rocks from the Chelopech area. 
Plagioclase and amphibole phenocryst microprobe analyses 
display mineralogical composition typical for calc-alkaline 
subduction-related andesite.
 Hf isotope data show that old lead components have 
been incorporated in the magma that produced the dome-
like bodies at Petrovden and Murgana, and the Hf dataset 
around 4.32 is typical of an important mantellic input in the 
magma source. Chelopech magmatic rocks have Hf isotope 
characteristics typical for a mixed crust-mantle source of 
the magma. Table 5.5 contrasts the different characteristics 
of the Petrovden dacite and the Chelopech andesite. The 
Petrovden altered dacite of the Murgana dome-like body is 
characterized by higher Zr contents compared to Chelopech 
magmatic rocks (Figs. 5.4g and 5.5a). Furthermore, recent 
Sr isotope data of Moritz et al. (2004) and Stoykov et al. 
(2004) show that the Chelopech magmatic rocks have 
87Sr/86Sr ratios between 0.705 and 0.706 at Cretaceous 
time. The 87Sr/86Sr ratios of the Chelopech magmatic rocks 
are coherent with an enriched mantle magma assimilating 
Paleozoic crustal material. This conclusion is in agreement 
with the εHf value variation determined for the Chelopech 
magmatic rocks, which reveal an old lead incorporation in 
the Petrovden magma and a homogeneous mixed crust-
mantle magma source. This old lead component can be 
explained by assimilation of metamorphic basement in the 
magma. The upper intercept of the 206Pb/238U vs. 207Pb/235U 
on the concordia diagram (Fig. 5.13) shows an age of 469.6 
+9.9/-9.6 Ma, which corresponds nearby to the age of the 
Paleozoic basement rock in the region (Von Quadt et al., 
2002). 
 The difference between the εHf values for the 
Petrovden sample (V58-01) and Chelopech samples (C16-
01 and V33-00) argue for two distinct magmatic sources 
for Chelopech and Petrovden volcanic rocks or different 
proportions of magma source mixing in the Chelopech area 
during the Late Cretaceous (Fig. 5.15). Table 5.5 displays 
εHf data of the Elatsite porphyry-Cu deposit (Von Quadt et 
al., 2002) compared with Chelopech data from this study 
and Stoykov et al. (2004). It appears that the Hf isotope 
data can be subdivided in two groups. The underground 
subvolcanic andesitic body at Chelopech (C16-01, in Fig. 
5.2), altered andesite located on surface immediately on 
top of the mine (V33-00, Fig. 5.2), lava and agglomerate 
ﬂow and Vozdol lava breccia clasts (Stoykov et al., 2004), 
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Table. 5.5. Differences between Petrovden and Chelopech 
magmatic rocks.
have fairly homogeneous εHf values, which range between 
0.04 and 1.56, for ages at ~91-92 Ma. Such εHf values are 
characteristic of a homogeneous mixed crust-mantle source. 
In contrast, intrusive rocks at Elatsite (Von Quadt et al., 2002) 
and samples from the Murgana-Petrovden dome-like body 
(V58-01, Fig. 5.2) display higher εHf values, which range 
from 7.29 to 2.9 for the same ages as the magmatic rocks 
of Chelopech at 91-92 Ma. These isotopic compositions are 
typical of a predominantly mantle source. It appears that 
magmatic rocks hosting the ore deposits at Chelopech and 
Elatsite are characterized by two distinct magma sources. 
It is concluded that there was a change of the source of the 
magmatic reservoir from the northern Elatsite and Murgana 
magmatic rocks to the southern Chelopech magmatic rocks, 
with a decrease of the mantle-like component from north to 
south.
Geochronology of the magmatism at Chelopech
 Based on the available data, the magmatism at 
Chelopech lasted from 92.21 ± 0.21 Ma to 91.45 ± 0.15 Ma, 
in agreement with recent dating of Stoykov et al. (2004). 
However, the later authors deﬁned the Murgana-Petrovden 
intrusion dome-like body as the unit 1 and as the beginning 
of the Chelopech magmatism. Our results show that altered 
andesitic rock above the Chelopech mine (sample V33-00, 
Fig. 5.2) has the same age as the Petrovden dacite (V58-
01, Figs. 5.2, 5.16). This argues for two different magmatic 
inputs, deﬁned by two distinct sources occur around 92 
Ma: the Murgana-Petrovden dacitic dome-like body with 
a chieﬂy mantle-like source mixed with older crustal 
basement material, and the andesitic body in the Chelopech 
area, outcropping on surface, with a homogeneous mixed 
mantle-young crust source.
 The Vozdol breccia neck has been described as 
cutting the mine andesitic body and the Chelopech deposit 
ore bodies at depth (cf. Fig. 3.6; Popov and Kovatchev, 
1996; Popov et al., 2000). A recent study on the structural 
control of the Chelopech deposit (cf. Chapter III) has shown 
that the initial volcanic geometry is totally overprinted by 
late tectonic events which thrust older rock units on younger 
rock units. Many lithological contacts are not concordant but 
are tectonic. Lithological contacts should be used only with 
great caution to determine the chronological relationships 
among different rock units in the vicinity of the Chelopech 
deposit. 
 Recent studies on the Chelopech breccia (cf. 
Chapter IV) have shown that the so-called Vozdol breccia 
neck may be reinterpreted as a resedimented volcaniclastic 
syn-eruptive and syn-volcanic breccia. This breccia is 
interﬁngered with the Turonian two-mica sandstone 
suggesting also a Turonian age of this syn-volcanic breccia, 
in agreement with the recent age at 91.3 ± 0.3 Ma obtained 
for this unit by Stoykov et al. (2004). This age was obtained 
from an andesitic clast sample named CH10 which presents 
the same magmatic texture and chemical composition as the 
clasts AI of the Vozdol syn-volcanic breccia (Figs. 5.4, 5.5; 
cf. Chapter IV) and has not be select from the resedimented 
part of this breccia unit (Stoykov, personal communication). 
However the interﬁngering of sandstone inside this breccia 
suggest that this unit was formed in several event during the 
sedimentation time of the sandstone, and the age of 91.3 ± 
0.3 Ma determined by Stoykov et al. (2004) represents only 
one of these volcano-sedimentary events.
 Based on U-Pb dating by Stoykov et al. (2004) 
and our recent study (cf. Chapter IV), this rock type is 
considered as one of latest volcanic events in the Chelopech 
area, as it was previously proposed by Popov and Kovatchev 
(1996), Popov et al. (2000), Georgieva et al. (2004) and 
Stoykov et al. (2002, 2004). All previous authors agree that 
this Vozdol breccia formation determines a minimum age 
for the Chelopech deposit, because the Vozdol breccia is 
interﬁngered with unaltered Turonian two-mica sandstone, 
which overlies the Chelopech deposit (cf. Chapters II, IV). 
However this Vozdol syn-volcanic breccia has been altered 
in the northern part of the formation (cf. Fig. 2.9) in the 
Petrovden area (cf. Chapter II, IV). The Petrovden alteration 
zone overprints essentially the Petrovden-Murgana 
dacitic dome-like body, the Turonian coarse sandstone 
and the Vozdol volcanic breccia, and it is characterized 
by the development of propylitic, quartz-sericite and 
argillic alteration zones, typical of an oxidized and acidic 
environment as in high-sulﬁdation epithermal system 
similar to the Chelopech deposit alteration type (cf. Chapter 
II). The Petrovden occurrence is interpreted to be controlled 
by a fault structure (Fig. 5.2; Popov et al., 2000).
 If we consider this alteration zone as related to 
the Chelopech deposit, the Vozdol breccia cannot deﬁne a 
post-mineralization event, and the age of 91.3 ± 0.3 Ma by 
Stoykov et al. (2004) obtained for this formation does not 
determine a minimum age for the Chelopech deposit, but 
only a minimum age for the volcanism at Chelopech.
 However, there is no ﬁeld evidence to link 
this hydrothermal event in the Petrovden area with the 
Chelopech hydrothermal system. Thus, if we consider that 
both hydrothermal events are not contemporaneous, the age 
of 91.3 ± 0.3 Ma of the Vozdol breccia can be interpreted 
as a minimum age of the Chelopech deposit, but not as the 
minimum age of the hydrothermal activity in the Chelopech 
area, because the Petrovden hydrothermal event should be 
younger since it overprints the Vozdol breccia.
 The hydrothermal ﬂuids related to the Petrovden 
alteration zone are controlled by a fault structure in the 
northern part of the Chelopech area, which can explain 
that the two-mica sandstone which overlies the Chelopech 
deposit in the south was not altered.
 In this study we have shown that an older altered 
andesitic rock unit (sample V33-00, 92.21 ± 0.21 Ma) was 
thrusted above a younger andesitic subvolcanic body which 
hosts the mineralization (sample C16-01, 91.45 ± 0.15 Ma), 
(Fig. 5.2). This late tectonic event has probably preserved 
the Chelopech deposit from the erosion.
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Fig. 5.16. Timing of the Panagyurishte district magmatism.
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 The youngest dated magmatic rock, altered by 
the Chelopech hydrothermal system, has a U-Pb age of 
91.45 ± 0.15 Ma, and is the direct host of the Chelopech 
mineralization. This age is interpreted as the maximum 
age for the Chelopech epithermal high-sulﬁdation deposit. 
A minimum age of the Chelopech deposit can be proposed 
at 91.3 ± 0.3 Ma only if we consider that the Petrovden 
alteration area is younger than the Chelopech hydrothermal 
event. Accepting this restrictive condition, the maximum 
age of the Chelopech deposit is 91.45 ± 0.15 Ma and the 
minimum age is 91.3 ± 0.3 Ma (Stoykov et al. 2004), which 
narrows the time range for the development of the Chelopech 
mineralization down to 600 000 years. 
 Relationship of the Chelopech epithermal 
and Elatsite porphyry-Cu deposits and the 
evolution of the Panagyurishte mineral    district.
 In numerous cases porphyry-Cu deposits are 
genetically related with epithermal high-sulﬁdation deposits 
(Hedenquist et al., 1998; Einaudi et al., 2003). The Elatsite 
porphyry-Cu (-Au, -PGE) deposit (Kalaidjiev et al., 1984; 
Dragov and Petrunov, 1996; Fanger, 2001; Von Quadt et al., 
2002, in press; Tarkian et al., 2003) was generally described 
as related to the Chelopech high-sulﬁdation epithermal 
deposit (Popov et al., 2000, 2001; Strashimirov et al., 2002). 
Recent U-Pb zircon data on the Elatsite porphyry-Cu deposit 
(Von Quadt et al., 2002) demonstrate that the ore-producing 
magmatism in the region started at 92.1 ± 0.3 Ma with 
the emplacement of pre- to syn-ore quartz monzodiorite 
and ﬁnished at 91.42 ± 0.15 Ma with the intrusion of a 
granodiorite porphyry dyke which cuts a mineralized 
porphyry dyke. Considering the uncertainties of the 
individual ages determined for the Chelopech magmatism, 
these two magmatic systems were formed during the same 
period (Fig. 5.16). Nevertheless, the age of the andesitic 
subvolcanic body which directly hosts the mineralization at 
91.45 ± 0.15 Ma is considered to be a maximum age for the 
Chelopech epithermal high-sulﬁdation deposit (see above), 
whereas the Elatsite porphyry-Cu deposit was formed 
between 92.1 ± 0.3 and 91.84 ± 0.31 Ma (Von Quadt et al., 
2002), for this reason we can consider that the epithermal 
high-sulﬁdation mineralization is likely younger than the 
porphyry-Cu deposit. 
 Furthermore, the Chelopech magmatic rocks 
display a different magma source, characterized by a mixed 
crust-mantle origin, except for the Petrovden dacitic rock, 
than the Elatsite magmatic rocks which are attributed to a 
more mantle-like source associated with assimilation of an 
old crust.
 The new ages obtained for the Chelopech 
magmatism are in agreement with recent dating of the 
Panagyurishte mineral district. Figure 5.16 displays the 
magmatic evolution in time of the Panagyurishte mineral 
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district. Three magmatic stages were determined using U-
Pb dating (Von Quadt et al., 2002, in press; Kamenov et al., 
2003; Peytcheva et al., 2003), from north to south they are: 
the Elatsite-Chelopech, the Assarel-Medet and the Elshitsa-
Vlaykov Vruh systems (Fig. 5.1). Two distinct sub-stages 
during the Chelopech-Elatsite magmatism can be proposed 
based on U-Pb dating and εHf values. The main Elatsite 
intrusions were formed at the same time as the Petrovden 
Murgana dome-like body and are characterized by the same 
predominantly mantle-like source with assimilation of an 
old lead component. The Chelopech magmatism started 
during the same time (V33-00 altered andesitic body upper 
mine at 92.21± 0.21 Ma) but reveals a different magma 
source, characterized by a homogeneous mixed crust-
mantle source. A second magmatic stage is associated with 
the formation of lava and agglomerate ﬂow, the Vozdol 
syn-volcanic breccia and the intrusion of the Chelopech 
andesitic subvolcanic body which hosts the mineralization. 
This stage is characterized by the same mixed crust-mantle 
magma source than the early Chelopech andesitic rock 
emplaced at 92.21 ± 0.21 Ma. Furthermore, the Chelopech 
magmatic rocks are spatially separated from the Murgana-
Petrovden dome-like body and the Elatsite magmatic rocks 
by the Petrovden fault (Fig. 5.2). The Chelopech andesite 
and the Petrovden dacite dome like body together with the 
Elatsite magmatic rocks may have been juxtaposed along 
this fault during the Tertiary compressive tectonic event (cf. 
Chapter III).
 These new results are in agreement with recent 
data on the Panagyurishte magmatism and the migration 
of magmatism, from north to south, during approximately 
15 Ma. The reset of the Ar-Ar age at ~80Ma (Fig. 5.16) 
determined on white micas for both Elatsite and Medet 
porphyry-Cu (Lips et al., 2004), could also be the result of 
the late tectonic overprint of the region (cf. Chapter III).
 Previous authors (Von Quadt et al., in press) based 
on εNd, εHf and Sr isotope data have described an evolution 
from a mixed crust-mantle source in the northern part of 
the Panagyurishte district to higher mantle-like component 
in the magma source in the southern part, except for the 
Elatsite magmatic rocks. Our new results showing a mixed 
crust-mantle source for the Chelopech magmatic rocks 
are in agreement with this variation of the magma source 
associated with younger ages of magmatic rocks in the 
south. This temporal and spatial variation of magmatic rocks 
in the Panagyurishte transect was probably controlled by a 
slab roll-back (Von Quadt et al., in press; cf. Chapter III). 
However, the mantle-like source of Elatsite and Murgana-
Petrovden magmatic rocks are not in agreement with such a 
magmatic evolution in the Panagyurishte district. Actually, 
the decrease in the mantle component in the source from the 
northern magmatic rocks at Elatsite to the ones in the south 
at Chelopech at the same period cannot be explained by a 
retreat of the subducting slab. 
 Based on these new Hf isotope and geochronological 
data, we can suggest another interpretation for the 
magma source evolution in the northernmost part of the 
Panagyurishte district. Two distinct magma sources at 
~92 Ma can be considered, as is reﬂect by the Elatsite and 
Murgana-Petrovden rocks, and the Chelopech magmatic 
rocks isotopic signatures. These two magma sources may 
have mixed with the time, along the Panagyurishte district.
Conclusions
 The Chelopech epithermal high-sulﬁdation 
deposit is hosted by typical subduction-related magmatic 
rocks, with andesitic to dacitic calc-alkaline compositions. 
The presence of plagioclase associated with amphibole 
and biotite phenocrysts shows that the H
2
O content in the 
magma at the origin of the magmatic rocks was higher than 
1.5 wt % (Thorpes, 1982). The Chelopech magmatic rocks 
result from two distinct, but contemporaneous magmatic 
sources. The available age data reveal that the Chelopech 
magmatism (s.s) started at 92.21 ± 0.21 Ma with the 
formation of an andesitic body, and continued until 91.45 
± 0.15 Ma, with intrusion of a subvolcanic body which 
hosts the mineralization and determines a maximum age 
for the Chelopech epithermal high-sulﬁdation deposit. The 
Chelopech magmatism ended with the formation of the 
resedimented syn-eruptive and syn-volcanic breccia dated 
at 91.3 ± 0.3 Ma (Stoykov et al., 2004), which can only be 
considered as a minimum age of the Chelopech deposit if 
the Petrovden alteration zone is accepted to be a younger 
event than the Chelopech hydrothermal system. These 
magmatic rocks are characterized by andesitic composition 
and a homogeneous, mixed crust-mantle source, according 
to the Hf isotope data. 
 The northern Murgana-Petrovden dacitic dome-
like body with an age of 91.95 ± 0.28 Ma is broadly 
contemporaneous with the Chelopech magmatism. However, 
according to the Hf isotope data, the magma is characterized 
by a larger proportion of mantle-derived magma, and the 
assimilation of an old lead component. Based on the U-Pb 
ages and the Hf isotope data, this magmatic stage could be 
related to the intrusive rocks at the Elatsite porphyry-Cu 
deposit, located north of the Chelopech area.   
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Abstract 
 The evolution of the hydrothermal ﬂuids from the Chelopech deposit has been evaluated using stable isotope (O, 
H) analyses of alteration and gangue minerals. The Chelopech deposit is hosted by a Late Cretaceous volcanic succession and 
displays parageneses typical of an epithermal high-sulﬁdation deposit. The alteration is also characteristic of an epithermal 
high-sulﬁdation deposit, and is deﬁned by zones of advanced argillic alteration in the immediate vicinity of the orebodies, 
including vuggy silica, via a quartz-sericite zone, to a distal propylitic alteration zone. The stable isotope compositions 
are compatible with ﬂuids in equilibrium with these three alteration stages being predominantly of magmatic origin. First-
stage ﬂuids are attributed to a mixing of volcanic vapor with meteoric water, which becomes progressively enriched in the 
volcanic vapor component during the evolution of the hydrothermal system. The later stage in the evolution of the Chelopech 
hydrothermal system is characterized by a second input of meteoric ﬂuid in the system, with mixing evidence with magmatic 
ﬂuid component. This later input of meteoric water in the hydrothermal system can be explained by a decrease of the magmatic 
hydrostatic pressure in the system which results in a transition from magmatic hydrostatic pressure to meteoric hydrostatic 
pressure. If we consider a probable decrease of the temperature in the system between 250 to 200°C from the advanced argillic 
stage to the third mineralization stage, the isotopic composition of ﬂuids in equilibrium with the mineralization paragenesis 
is characterized only by a volcanic vapor input in the systems, except for the Charléodere alunite which show a mixed 
composition of external water and volcanic vapor.
 These results suggest that most of the ﬂuids responsible for the advanced argillic and quartz sericite alterations 
are derived directly from mixing of volcanic vapor and meteoric water, whereas metals and economic mineralization were 
essentially deposited by a vapor condensate of magmatic origin, both in a ﬂuid dominated system. 
The Chelopech high-sulﬁdation epithermal deposit displays a typical ﬂuid system evolution, similar to the ﬂuid compositions 
described in other world class high-sulﬁdation deposits.
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Fig. 6.1. a. The Banat-Srednogorie zone in Bulgaria, displaying 
the location of the Panagyurishte ore district and the Chelopech 
deposit. b. Simpliﬁed geology of the Panagyurishte ore district (after 
Cheshitev et al., 1995 and Moritz et al., 2004).
Introduction
 Knowledge about the origin and nature of ﬂuids in 
high-sulﬁdation deposits and active hydrothermal systems 
is essential to characterize the evolution of these systems. 
Epithermal high-sulﬁdation mineralization has now been 
recognized throughout the world. The term “epithermal 
deposit” refers to hydrothermal ores formed at relatively low 
temperatures (<300°C) and shallow depths. High-sulﬁdation 
deposits are formed from acidic and oxidizing ﬂuids derived 
from a high-level magma (Stoffregen, 1987; Rye, 1993; 
Arribas, 1995). Such ﬂuids can be produced by mixing SO
2
, 
H
2
S, and HCl in water, and these species are directly derived 
from andesitic to rhyolitic magmas. Various authors, such as 
Giggenbach (1987) and Rye et al. (1992) have proposed that 
the advanced argillic alteration zone, typical of epithermal 
high-sulﬁdation deposits, develops where ascending 
magmatic ﬂuids meet the groundwater / meteoric water 
/ seawater system. Numerous high-sulﬁdation deposits 
exhibit mixing of these ﬂuids (Pueblo Viejo, Dominican 
Republic, Vennemann et al., 1993; Julcani, Peru, Deen et 
al., 1994; Nansatsu district, Japan, Hedenquist et al., 1994; 
Lepanto, Philippines, Hedenquist et al., 1998). 
 Several studies have compared these mineralizing 
ﬂuids in epithermal high-sulﬁdation environments with 
volcanic discharges from active subduction-related 
volcanoes (Hedenquist and Aoki, 1991, Einaudi et al., 2003, 
and others). In active hydrothermal systems, crater lakes, and 
geothermal areas, mixing of magmatic ﬂuids and meteoric 
or sea water have also been well described (Giggenbach et 
al., 1990; Delmelle et al., 1998; Goff and McMurtry, 2000; 
Varekamp and Kreulen, 2000; Stimac et al., 2004). 
 Over several years, oxygen and hydrogen isotope 
studies have signiﬁcantly advanced the understanding of the 
formation of high-sulﬁdation deposits (Rye et al., 1992). In 
general early alunite has isotopic compositions consistent 
with deposition from water predominantly of magmatic 
origin. In most cases the ﬂuids, which precipitate hypogene 
clay, silica and ore mineralization have a greater component 
of meteoric water relative to those precipitate alunite 
(Arribas, 1995a; Hedenquist et al., 1998).
 In this paper we report new results from a stable 
isotope study on the Chelopech epithermal high-sulﬁdation 
deposit in Bulgaria in order to clarify the evolution of this 
hydrothermal system. 
 In particular, we wish to assess the presence 
of external water in the volcanic complex during the 
evolution of the hydrothermal system and thus during the 
mineralization stages. 
Geological background
 The Chelopech epithermal high-sulﬁdation deposit 
is located in the Panagyurishte mineral district, which is part 
of the Banat-Srednogorie metallogenic belt (Heinrich and 
Neubauer, 2002). The Panagyurishte district is characterized 
by a NNW-SSE alignment of epithermal and porphyry-Cu 
deposits (Fig. 6.1) (Strashimirov et al., 2002; Moritz et al., 
2004). 
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Fig. 6.2. Geological map of the Chelopech area (alteration zones from Georgieva, in prep).
 The Chelopech deposit is hosted by a Late Cretaceous volcanic and volcano-sedimentary complex (Popov et al., 
2002), which transgressively overlays a Precambrian and Paleozoic metamorphic and intrusive basement (Fig. 6.2). The Late 
Cretaceous volcano-sedimentary succession is characterized at the base by Turonian sandstone (Stoykov and Pavlishina, 2003) 
and conglomerate derived from the underlying metamorphic rocks (Moev and Antonov, 1978). Late Cretaceous magmatic 
rocks intrude this unit. Several magmatic bodies have been described (Popov and Kovachev, 1996; Stoykov et al., 2002); 
including a dome like andesitic to dacitic body into the Turonian sandstone, while lava and agglomerate ﬂows related to the 
upper levels of the volcanic ﬂows, with an andesitic composition, are present in the northern part of the Chelopech area. A 
resedimented volcaniclastic syn-eruptive and syn-volcanic breccia and volcanoclastic breccia, which is interﬁngered with 
two-mica sandstone which overlies the volcanic sequence, was re-examined recently by Chambefort et al. (in prep, cf. Chapter 
IV). 
 In the mine, the different sedimentary and 
volcanic units are part of a diatreme complex, and consist 
of phreatomagmatic breccia with andesitic and basement 
clasts, volcanic tuff with pumice and accretionary lapilli 
beds, and interbeds of oolitic and bioclastic sedimentary 
rocks (cf. Chapter IV). This phreatomagmatic breccia is 
intruded by a hypabyssal andesitic body. These different 
rock units host the Chelopech mineralization (Fig. 6.3). 
The Chelopech host rocks are overlain by volcanogenic 
two mica sandstone of the Chelopech Formation, reddish 
limestone of the Mirkovo Formation and the ﬂysch of the 
Chugovista Formation, attributed to a marine setting in 
a pull-apart basin (Dimitrova et al., 1984; Stoykov and 
Pavlishina, 2003), which has preserved the deposit from 
erosion. Thus the relationship between the surface volcanic 
and sedimentary rocks and the underground host rocks are 
equivocal.
Wall rock alteration
 The Chelopech deposit is characterized by an 
alteration zoning typical for an epithermal high-sulﬁdation 
deposit. Mutafchiev and Chipchakova (1969) described the 
alteration in the Chelopech deposit as secondary quartzite, 
which includes alunite, kaolinite, and sericite facies to 
quartz-sericite alteration imposed on earlier propylitically 
altered rocks. Strashimirov and Popov (2000) distinguished 
propylitic, propylitic-sericite, sericitic, sericitic-advanced 
argillic and advanced argillic pre-ore alteration types. 
Recently, Mutafchiev and Petrunov (1996) and Georgieva 
et al. (2002) recognized three main alteration zones around 
the ore bodies on mine level 405 (Fig. 6.3). The northern 
mineralized zone (Fig. 6.3) consists of the most intense 
alteration, and is characterized by the presence of vuggy 
silica, massive silica and an advanced argillic alteration. 
The advanced argillic alteration assemblage is composed 
of quartz, dickite, kaolinite, pyrite, anatase and alumino-
phosphate-sulfate (APS) minerals of the svanbergite-
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Fig. 6.3. Underground geological map of level 405, Chelopech deposit, (alteration zones modiﬁed after Mutafchiev and Petrunov, 1996 and 
Georgieva, in prep), and underground sample localities.
woodhouseite solid solution series, nacrite is also present 
from 450 m to 250 m (Georgieva et al., 2002). Outward 
from this zone, a sericitic alteration zone is characterized 
by a sericite, APS minerals, quartz, illite, pyrite, halloysite, 
anatase, apatite assemblage. The external propylitic alteration 
zone contains a chlorite, titanite, epidote, carbonate, and 
albite assemblage. The drillcore data show that the alteration 
continues down to a depth of more than 2000 m. Mutafchiev 
and Petrunov (1996) and Georgieva et al. (2002) have also 
recognized a vertical zoning in the alteration assemblages, 
with the development of diaspore, alunite, pyrophyllite and 
zunyite at depth.
 Alunite has also been described in the Charlodere 
occurrence (Popov et al., 2000; Lerouge et al., 2003, 2004) 
located to the northeast of the Vozdol Valley, along the 
Chelopech Thrust (Fig. 6.2). Charlodere is considered by 
Popov et al. (2000) as an exhumed part of the Chelopech 
deposit (cf. Chapter III). This occurrence is hosted by 
strongly altered volcanic breccia and massive andesite. The 
rocks present a similar alteration zoning as the Chelopech 
deposit, from propylitic to advanced argillic alteration 
zones.
 Georgieva et al. (2002) proposed different 
temperatures of formation for the various alteration 
assemblages of the Chelopech deposit. The predominance 
of kaolinite and dickite in the upper level, ~405, suggests 
a temperature of formation for the shallow alteration level 
of about 200°C. At deeper levels, the presence of diaspore, 
pyrophyllite and zunyite indicates higher temperature 
conditions, close to 260-280°C, according to Papezik and 
Keats (1976) and Corbett and Leach (1998). Recently, Moritz 
et al. (2003) determined homogenization temperatures of 
175 to 220°C for primary ﬂuid inclusions within enargite of 
the stage II mineralization, in agreement with the alteration 
mineral assemblages. Recent geothermometric estimations 
of sulfur isotope fractionations of galena-barite association 
give an equilibrium temperature close to 220°C, concordant 
with previous observations (Jacquat, 2003).
Ore paragenesis and mineralization
 The Chelopech Au-Cu epithermal high-sulﬁdation 
deposit is one of the largest gold-producing mines in 
Europe, with estimated reserves of over 3.8 million ounces 
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Fig. 6.4. Paragenetic sequence for the Chelopech deposit (after 
Petrunov, 1994, 1995 and Jacquat, 2003).
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Fig. 6.5. REE Chondrite-normalized and trace element MORB-
normalized patterns for Chelopech fresh magmatic rocks. Chondrite 
normalization composition from Sun and McDonough (1989), MORB 
normalization composition from Pearce (1982).
of gold and 0.5 million tons of copper, at an average grade 
of 3.8 g/t Au and 1.6 % Cu (Dundee Precious Metal. Inc 
data). The Chelopech deposit exhibits three successive ore-
mineralizing stages (Fig. 6.4; Petrunov, 1994, 1995; Jacquat, 
2003), which are associated with or postdate the previously 
described alteration assemblage. These three stages are 
recognized in all epithermal high-sulﬁdation deposits in the 
Panagyurishte mineral district (Moritz et al., 2004). 
 Stage I: The ﬁrst Fe-S stage consists of pyrite with 
ﬁne-grained quartz and clay minerals. Stage I comprises 
massive sulﬁde zones of the Chelopech deposit. Massive ore 
can be banded, with alternating layers of pyrite and altered 
host rocks. It is preferentially developed in volcanic tuff 
and sedimentary rocks and can result in a total replacement 
of the host rocks. Jacquat (2003) describes a progressive 
transition from disseminated to massive pyrite ore. 
 Stage II: The second Cu-As-S stage, which 
represents the economic stage of Chelopech, postdates the 
Fe-S stage. Two sub-stages IIa and IIb have been determined, 
constituting cyclic depositional events (Jacquat, 2003). 
The IIa sub-stage includes enargite, luzonite and covellite, 
and is followed by tennantite, chalcopyrite and bornite of 
the sub-stage IIb association, typical of epithermal high-
sulﬁdation deposits. Fine-grained quartz and kaolinite-
dickite assemblages are the common gangue minerals. The 
mineralization occurs either as veins, open-space ﬁllings, 
matrix of mineralized breccia and replacement of earlier 
pyrite. 
 Stage III: Both previous ore stages are followed 
by the uneconomic Pb-Zn-S stage III, composed of galena, 
sphalerite, pyrite, chalcopyrite and barite veins. Gangue 
minerals are quartz, calcite, and locally clay minerals.
Geochemical compositions
 The Chelopech magmatic rocks show andesitic 
to dacitic compositions, with 58 to 66% SiO
2
 (Stoykov 
et al., 2002, cf. Chapter V). Magmatic rock samples have 
decreasing LREE-abundance and relatively ﬂat HREE 
patterns; no signiﬁcant anomaly in Eu is present in the REE 
spectra (Fig. 6.5). Trace element diagrams are characteristic 
of subduction-related magmas (Pearce, 1982), displaying 
negative anomalies in LILE (Sr, K, Rb and Ba) and HFSE 
(Nb, Ti and Zr).
Isotope constraints for the Chelopech 
deposit
 To assess the origins of the ﬂuid involved in 
alteration and mineralization during the different paragenetic 
stages, samples of both minerals and whole rocks were 
analyzed for oxygen and hydrogen isotope compositions. 
Analytical procedures 
 All minerals analyzed for their stable isotope 
compositions were handpicked from drill core, surface or 
underground samples. Underground sample localities are 
given in Figure 6.3. Sample localities of drill cores (e.g. 
B151/L405 F99-211, 25m) include the exploitation block 
(e.g. B151: block 151), the mining level (e.g. L405: level 
405), the drill core number (e.g. 99-211) and the depth of 
sampling along that drill core (e.g. 25m). Purity of mineral 
separates was greater than 95 percent. After separation, all 
minerals were washed in distilled H
2
O and dried. Whole 
rocks and silicate minerals were crushed and analyzed 
at the stable isotope laboratory of Queen’s University, 
Ontario, Canada on a Finnigan MAT 252 IRMS, except for 
oxygen isotope analyses of quartz and sericite, which were 
performed at the University of Lausanne on a Finnigan Mat 
251, using BrF
5
 as a ﬂuorination agent and laser-ablation 
methods adapted after Sharp (1990). Analytical accuracy 
for quartz oxygen isotopes was monitored using L1Quartz 
and UWG2Garnet standards (respectively δ18O = 18.1 and 
5.8 ‰). The error is ± 0.2 per mil for the δ18O values for 
the silicate standard, except for δ18O quartz and whole rocks 
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which is ± 0.3 per mil. The precision is close to ± 5 per mil for δD values. All isotopic ratios are reported with the δ-notation 
relative to V-SMOW (Vienna Standard Mean Ocean Water) for hydrogen and oxygen, and are deﬁned by the equations: 
 δ18O (‰) = {((18O/16O)
sample
/(18O/16O)
standard
)-1}*103 and δD (‰) = {((D/H)
sample
/(D/H)
standard
)-1}*103
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Table. 6.1. Oxygen and hydrogen isotopic compositions of silicates and wall rocks (this study), barite and anhydrite isotopic compositions from 
Jacquat (2003).
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Oxygen and hydrogen isotopic compositions of silicates and whole rocks
 Stable isotope analyses of quartz, sericite, dickite, kaolinite, hornblende and whole rocks are given in Table 6.1 and 
in Figure 6.6. The oxygen isotopic values of barite and anhydrite from Jacquat (2003) are also included in the interpretation 
and discussion of this study.
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Fig. 6.6. Oxygen isotope histograms for hydrothermal quartz, whole rocks, clay minerals, sericite and magmatic hornblende. Analyses 
are reported with the alteration assemblage and mineralization stages (AAA: advanced argillic alteration, qtz-ser: quartz-sericite alteration 
assemblage, hb: hornblende, ser: sericite).
 Isotopic compositions of alteration   
 mineral
 Quartz samples representative of the different rock 
types, and the two alteration assemblages, quartz-sericite 
(qtz-ser) and advanced argillic alteration (AAA) were 
analyzed (Table. 6.1, Fig. 6.6). δ18O values of quartz from 
the quartz-sericite and advanced argillic alteration stages fall 
in a range of 12 to 14.2 per mil (n = 13; mean 11.2 ‰) and 
of 12 to 16.6 per mil (n = 6; mean 14.06 ‰), respectively, 
revealing a discreet increase in δ18O values with alteration 
intensity. Sericite in association with quartz in the quartz-
sericite alteration assemblage (sample C49-01, Table. 6.1) 
yields a δ18O value of 12.6 ± 0.2 per mil; slightly higher than 
the isotopic compositions of spatially associated quartz, and 
a δD value of -58 ± 5 per mil. 
 Magmatic hornblende from the Vozdol Valley syn-
volcanic breccia (Fig. 6.2) displays a δ18O value of 7.3 per 
mil and a δD value of -94 per mil. 
 Clay mineral samples (kaolinite and dickite) 
representative of the different mineralization stages were 
analyzed (stages I to III; Table 6.1, Figs. 6.6, 6.7). Samples 
of late dickite veins, named stage IV, which cut the previous 
mineralization stages, were also analyzed. Stage I dickite 
displays a range of δ18O and δD values from 9.9 to 12.5 
per mil, and -30 to -50 per mil, respectively. Stage II clay 
minerals have a range of δ18O values from 12 to 16.3 per mil 
and δD values from -36 to -44 per mil. Stage III values have 
a similar range to stage II, and stage IV have a range of δ18O 
values from 11.7 to 13.4 per mil and a range of δD values 
from -35 to -39 per mil.
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Fig. 6.7. Mineralogical association of the clay mineral separate samples: a. Vuggy silica 
with dickite precipitated in vuggs, in dacite in the advanced argillic zone. b. Chalcedony vein 
with a vuggy silica halo and dickite precipitation. c. Quartz-sericite alteration zone, altered 
dacite, quartz and sericite were separate from this sample, but are not in equilibrium with 
each other. d. Volcanic tuff with abundant dissemination of pervasive pyrite, massive sulﬁde 
from stage I. e. Mineralization stage IIa, pyrite-enargite (+/-covelite), advanced argillic 
alteration, and dickite is in equilibrium with enargite-luzonite-pyrite vein. f. Mineralization 
stage IIb, gold vein, with precipitation of kaolinite in equilibrium with the assemblage: 
pyrite-tennantite-bornite of the mineralizing stage IIb. g. Mineralization stage III, kaolinite 
precipitated in the central part of the polymetallic vein in equilibrium with sphalerite-galena-
pyrite mineralized assemblage. (ba: barite, bo: bornite, cv: covelite, dick: dickite, en: 
enargite, gn: galena, kao: kaolinite, lz: luzonite, py: pyrite, qtz: quartz, rt: rutile, ser: sericite, 
sph: sphalerite, tn: tennantite).
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 Wall rock isotopic compositions
 Wall rock samples comprise fresh andesitic rock, 
altered andesitic subvolcanic bodies and altered volcanic 
tuff. So called “Fresh” magmatic rocks have δ18O values 
ranging from 10 to 10.8 per mil (Table. 6.1, Fig. 6.6), which 
is very high compared with the δ18O value of 7.3 per mil of 
the magmatic hornblende (Table. 6.1), and could be related 
with a slightly alteration. Altered andesite δ18O values ranges 
from 10.2 to 12.2 per mil (Table. 6.1, Fig. 6.6). It is important 
to note that andesite affected by advanced argillic alteration 
displays higher δ18O values than the ones affected by quartz-
sericite alteration, which is consistent with the differences 
observed for the quartz separate analyses. Altered volcanic 
tuffs display a δ18O value of 11.3 per mil for a sample from 
the quartz-sericite alteration zone, and 16.4 per mil for a 
sample from the advanced argillic alteration zone. There is 
a positive correlation between the LOI (%) of the samples 
and the δ18O values of the altered wall rocks (Fig. 6.8).
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Fig. 6.8. Variation in δ18O values content of the fresh and altered 
andesite wall rock of the Chelopech deposit.
Origins of the ﬂuids responsible for the advanced 
argillic alteration 
 If we consider that alteration mineral assemblages 
are in equilibrium with the ore associations (Fig. 6.7) 
and, therefore, the hydrothermal ﬂuids, then their isotopic 
compositions should reﬂect the isotopic compositions of 
the original hydrothermal ﬂuids responsible for alteration 
and mineralization. The isotopic compositions of these 
ﬂuids are strongly dependent on the degree of isotopic 
exchange between the host rock and the ﬂuids, the initial 
isotopic composition of the host rocks, the initial isotopic 
composition of the different ﬂuids that may be present and 
the formation temperature of the alteration assemblage.
 For the purpose of calculation of the ﬂuid 
composition in equilibrium with wall rock, we based our 
calculation on our petrographic observations and we 
considered that andesite consists of 20 percent of hornblende, 
50 percent of plagioclase, 2 percent of biotite and 28 percent 
of quartz. Using the 18O/16O mineral-water fractionation 
factors for these minerals according to Matsuhisa et al. 
(1979) and Zheng (1993a,b), it is possible to calculate the O 
isotopic composition of the ﬂuid in equilibrium with andesite 
with an average isotopic composition of  δ18O
initial
 = 7.3 per 
mil (referring to the δ18O value of the magmatic hornblende) 
and 10.4 per mil (composition of “fresh” andesite) and 
δ18O
ﬁnal
 = 12.2 per mil at temperatures varying from 200°C 
to 400°C. The horizontal line with red diamonds on Figure 
6.9a shows the δ18O value of the ﬂuid in equilibrium with the 
wall rock with a δ18O
ﬁnal
 = 12.2 per mil, which is the isotopic 
composition of the advanced argillic altered andesite. Since 
the mineral modes in the whole rocks are variable, δ18O 
values may vary signiﬁcantly and the line depicting a wall-
rock-dominated system only represents a trend-line for a 
much broader area of possible ﬂuid compositions.
 The δ18O and δD values of the magmatic water 
(black triangle in Fig. 6.9a, b) were calculated using the 
isotope analyses of the magmatic hornblende and the 
fractionation equations of Suzuoki and Epstein (1976) 
and Zheng (1993) at 850°C. The δ18O values of water in 
equilibrium with quartz were determined from the 18O/16O 
calibration of Clayton et al. (1972). Unfortunately no primary 
ﬂuid inclusions were observed in order to measure their δD 
values associated with the precipitation of the hydrothermal 
quartz. Thus only δ18O values for calculated water were 
obtained. The formation temperature is estimated between 
250°C and 200°C based on homogenization temperatures of 
enargite ﬂuid inclusions (Moritz et al., 2003), on alteration 
assemblage equilibrium data (Georgieva et al., 2002) and on 
recent sulfur isotopic geothermometry data on galena-barite 
of Jacquat (2003). For kaolinite and dickite, considered to 
have precipitated at 200°C-250°C, the D/H kaolinite-water 
calibrations of Gilg and Sheppard (1996), and the 18O/16O 
kaolinite-water calibrations of Sheppard and Gilg (1996) 
are applicable. Several assumptions have to be made about 
the isotopic fractionation between kaolinite and water. 
The 18O/16O muscovite-water fractionation curve may be 
extrapolated to temperatures lower than 400°C (lowest 
limit of the calibration curve of O’Neil and Taylor, 1969) to 
calculate the isotopic composition of water in equilibrium 
with a sericite assemblage, and the δD value of water in 
equilibrium with sericite was determined from the calibration 
of Suzuoki and Epstein (1976).
 The δ18O and δD values of the ﬂuids in equilibrium 
with the mineral associations from the different opaque 
mineral stages, calculated at 200°C and 250°C, are shown 
respectively in Figure 6.9a, b. Fields of primary magmatic 
water and subduction-related volcanic vapors are also 
plotted (Taylor, 1979; Giggenbach, 1992), along with the 
Meteoric Water Line of Craig (1961). Several workers have 
demonstrated that the apparent enrichment in deuterium 
of subduction-related volcanic vapor compared to primary 
magmatic vapor can be attributed to the isotope fractionation 
linked to magma degassing during crystallization (Taylor, 
1991; Giggenbach, 1992; Goff and McMurtry, 2000). 
 The isotopic compositions of the ﬂuids in 
equilibrium with silicate and sulfate at Chelopech exhibit 
a range of δ18O values from 10.7 to 0 per mil at 200°C, and 
from 12.9 to 1.5 per mil at 250°C, and a range of δD values 
from -46 to -12 per mil at 200°C, and from -48.2 to -3.65 
per mil at 250°C for ﬂuid in equilibrium with clay minerals, 
sericite and alunite (δ18O
SO4
 alunite analyzed by Lerouge 
et al., 2003). The δ18O values of ﬂuids in equilibrium 
with quartz from the quartz-sericite assemblage are lower 
compared to the ones of advanced argillic alteration mineral 
assemblages and vuggy silica. The δ18O values with a range 
of 6.04 to 10.74 per mil (at 200°C) and 8.28 to 12.9 per 
mil (at 250°C) obtained for the hydrothermal ﬂuids during 
the different mineralizing stages are higher than during 
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Fig. 6.9. a.The δ18O and δD values for ﬂuid in equilibrium with the different alteration and mineralization stage minerals of the Chelopech 
deposit calculated at 200°C, b. The δ18O and δD values for ﬂuid in equilibrium with the different alteration and mineralization stage minerals of 
the Chelopech deposit calculated at 250°C, (Charlodere alunite (Fig. 6.2), Lerouge et al., 2003; Chelopech barite, Jacquat, 2003). Probable 
meteoric water, Stage IV, Vlaykov Vruh, (Kouzmanov et al., 2003), PMW: Primary magmatic water ﬁeld (Taylor, 1979), SRVV: Subduction 
related volcanic vapor ﬁeld (Giggenbach, 1992).
the earlier stages of quartz-sericite and advanced argillic 
alteration stages. These δ18O values are characteristic of 
volcanic vapor compositions. The calculated δD values of 
ﬂuids in equilibrium with silicate do not show any signiﬁcant 
variation. 
 Interpretation
 An important point in this interpretation is the 
incertitude on the temperature, and the general absence 
of large variations in δ18O values between fresh andesite 
and strongly altered wall rocks. Considering the large 
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mineralogical changes during the alteration processes, this 
observation is surprising. The presence of an advanced 
argillic alteration zone, associated with the development 
of vuggy silica, requires a high ﬂuid-rock ratio. One of 
the most plausible explanations is that the hydrothermal 
ﬂuids involved during the alteration process have similar 
isotopic compositions than ﬂuids that are in equilibrium 
with the andesitic subvolcanic bodies and/or that the “fresh” 
rocks have previously also been altered by ﬂuids of similar 
isotopic composition, according to the δ18O value of 7.3 per 
mil of the magmatic hornblende in “fresh sample”. 
 Based on Taylor’s (1979) equation, we may 
quantify the water / rock ratio necessary to obtain the ﬁnal 
isotopic composition of andesite:
 Taylor’s equation:  
 (W/R)
closed
 = (δf
rock
 – δi
rock
) / (δi
ﬂuid
 – (δf
rock
 – ∆)) and  
 (W/R)
open
 = ln (1+ (W/R)
closed
), 
where ∆ = δf
rock
 - δf
ﬂuid
, and i and f refer to the initial and 
ﬁnal isotopic composition. If we make the reasonable 
approximation that andesite consists of 20 percent of 
hornblende, 50 percent of plagioclase, 2 percent of biotite 
  δhbl-δw δplg-δw δbt-δw δqtz-δw ∆and-w δ18Oﬁnal ﬂuid 
200°C 1000ln α 
mx-w
1.71 8.17 1.1 11.61 7.70 4.50
250°C 1000ln α 
mx-w
0.28 6.22 -0.25 8.89 5.65 6.54
300°C 1000ln α 
mx-w
-0.66 4.77 -1.13 6.86 4.15 8.04
350°C 1000ln α 
mx-w
-1.29 3.64 -1.71 5.29 3.01 9.19
400°C 1000ln α 
mx-w
-1.7 2.76 -2.08 4.06 2.13 10.06
Table. 6.2. Fractionation calculation between andesite and water, and isotopic composition of ﬂuids in equilibrium with andesite for variable 
temperatures from 200°C to 400°C, δ18Oﬁnal ﬂuid = δ18Oﬁnal andesite – ∆and-w. For the purpose of calculation, andesite consists of 20 percent 
hornblende (hbl), 50 percent plagioclase (plg), 2 percent biotite (bt) and 28 percent quartz (qtz), using the 18O/16O mineral-water (w) fractionation 
factors for these minerals according to Matsuhisa et al. (1979) and Zheng (1993a, b), and δ18O ﬁnal andesite = 12.2‰.
 Figures 6.10c and d show the calculated δ18O
ﬁnal 
andesite
 according to the equation of Taylor (1979) vs. the 
water / rock ratio: 
 δf
rock
 = ((W/R)
closed
 / ((W/R)
closed
+1)*(δi
ﬂuid
 + ∆ +  
 (δi
rock 
/ (W/R)
closed
)), 
where water / rock ratio range from 0.1 to 100, ∆ is calculated 
using the modal proportion of each mineral and is equal to 
7.70 for 200°C and 5.65 for 250°C (Table. 6.2), the δ18O
initial 
rock
 is equal to 10.4 and 7.3 per mil and the δ18O
initial ﬂuid
 is 
ﬁxed at 0, 4.5, 8 and 10.5 per mil, which reﬂects different 
proportion of mixed volcanic vapor and meteoric water/sea 
water. The range of isotopic composition of altered rock at 
Chelopech from 10.4 to 12.2 per mil is also reported (Figs. 
6.10c, d). This representation is also not useful to determine 
a precise water / rock ratio, nevertheless it appears that the 
isotopic composition of the altered rock at Chelopech, equal 
to 12.2 per mil for an advanced argillic alteration, could 
be obtain for an important water / rock ratio only if the 
initial ﬂuid reﬂect a mixed composition at 200°C and pure 
volcanic vapor composition at 250°C. This observation is in 
agreement with previous interpretations on mineral isotopic 
compositions. 
 To sum up, under these conditions, it is not possible 
to quantify the water / rock ratios using stable isotope data, 
but the mineralogical changes during the alteration are in 
favor of an abundant input of ﬂuids in the system. 
 However, it is possible to quantify the different 
proportions of meteoric ﬂuid and volcanic vapor necessary in 
the system to generate the ﬂuid responsible for this alteration 
type and for variable temperatures. Considering that the 
δ18O of volcanic vapor is close to 10.5 per mil (Giggenbach, 
1992) and the δ18O of meteoric water is equal to -5 per mil 
(Kouzmanov et al., 2003), at 200°C and that the δ18O
ﬁnal ﬂuid
 
value for ﬂuid in equilibrium with the “fresh” andesite is of 
4.5 per mil (Table. 6.2). Later value is obtained by mixing 
of ~60% of volcanic vapor (δ18O = 10.5‰) and ~40% of 
meteoric water (δ18O = -5‰). At 250°C, the δ18O
ﬁnal ﬂuid
 value 
of 6.5 ‰ in equilibrium with altered andesite corresponds 
to a mix of ~75% of volcanic vapor and ~25% of meteoric 
water. At higher temperatures the proportion of meteoric 
water becomes less than at 200°C. These calculations are 
only valid if we consider that there is no additional ﬂuid in 
the system besides volcanic vapor and meteoric water/sea 
water and assuming the Taylor equation is applicable. 
 Nevertheless, it is not possible using O-H isotopes 
to determine if seawater was also involved in the system, 
the stable isotope data does not excluded it. Recent S and 
Sr isotope studies by Jacquat (2003) did also not permit 
to assess whether sea water was present or absent in the 
system. 
 The good correspondence between the δ18O values 
of the calculated ﬂuid compositions in equilibrium with 
host rocks (Fig. 6.9), ﬂuid compositions in equilibrium with 
clay minerals and the subduction-related volcanic vapor 
and 28 percent of quartz, we can calculate the ∆ and the 
δ18O
ﬁnal ﬂuid
 at variable temperatures from 200°C to 400°C, 
for δ18O
ﬁnal andesite
 = 12.2 per mil, which is the composition 
for an advanced argillic altered andesite (Table 6.2). The 
water / rock ratio can be calculated, considering that “fresh” 
andesite has a δ18O
initial andesite
 ﬁxed at 7.3 per mil (magmatic 
hornblende) and 10.4 per mil (isotopic composition of 
analyzed “fresh” andesite), δ18O
ﬁnal andesite
 ﬁxed at 12.2 per 
mil (Table. 6.1) and δ18O
ﬁnal ﬂuid
 is equal to 4.5 per mil at 
200°C and is equal to 6.5 per mil at 250°C in equilibrium 
with andesite (Table. 6.2). Figures 6.10a, b show the water 
/ rock ratios, calculated in closed and open systems, vs. the 
δ18O
initial ﬂuid
 input in the system, which can vary from pure 
volcanic vapor (δ18O
initial ﬂuid
 = 10.5‰) to mixed volcanic 
vapor-meteoric water (δ18O
initial ﬂuid
 = 4‰).  It appears 
that the trend of isotopic composition of the ﬁnal ﬂuid in 
equilibrium (δ18O
ﬁnal ﬂuid
 = 4.5 per mil at 200°C) with the 
altered wall rock deﬁnes an asymptote for the δ18O
initial
 of 
the hydrothermal ﬂuid involved during the alteration. The 
same function is observed at 250°C with an asymptote at 
6.5 per mil.
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Fig. 6.10. a. Water / rock (W/R) ratio in closed system vs. the 
δ18Oinitial values of the ﬂuid at 200°C with δ18Oinitial rock = 7.3 and 10.4 
per mil, b. Water / rock (W/R) ratio in open system vs. the δ18Oinitial 
values of the ﬂuid at 200°C, c. δ18Oﬁnal rock calculated according to 
the equation of Taylor (1979) vs. the water / rock ratio at 200°C 
and 250°C for different isotopic composition of the initial ﬂuid, and 
δ18Oinitial rock = 10.4 per mil, d. δ18Oﬁnal rock calculated according to 
the equation of Taylor (1979) vs. the water / rock ratio at 250°C for 
different isotopic composition of the initial ﬂuid, and δ18Oinitial rock = 
7.3 per mil.
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ﬁeld (Giggenbach, 1992), are in favor of the presence of 
abundant magmatic ﬂuids during the development of the 
Chelopech hydrothermal system.
 As the probable meteoric water has a δD value close 
to that of volcanic vapor, no signiﬁcant deuterium variation 
is associated during mixing of both ﬂuids. The enrichment 
in δ18O of the clay minerals from main ore stages (stages 
IIa and IIb) relative to clay minerals associated with vuggy 
silica, sericite from the quartz-sericite alteration and alunite 
from Charlodere (Lerouge et al., 2003, 2004) likely reﬂects 
less dilution of the volcanic vapor by local meteoric water. 
 Clay minerals sampled in vuggy silica, sericite 
of the quartz-sericite alteration zone and clay minerals 
associated with the mineralized stage I yield δ18O
ﬂuid
 values 
from ~ 4 to 6 per mil (Fig. 6.9a), implying mixing at 200°C 
of 70 percent of volcanic vapor with approximately 30 
percent of meteoric water, during the ﬁrst stages of the 
hydrothermal system. However, at 250°C, pure volcanic 
vapor ﬂuid composition can precipitated clay minerals 
associated with advanced argillic alteration, vuggy silica 
and ﬁrst mineralized stage I, with a range of δ18O
ﬂuid 
values 
from 6.6 to ~10 per mil (Fig. 6.9b). 
 Isotopic compositions of ﬂuids in equilibrium with 
clay minerals of stages IIa, IIb and III, which are linked to the 
main Chelopech mineralization stages, show a more typical 
volcanic vapor component. The increase in δ18O during 
the mineralizing stages relative to the early quartz-sericite, 
argillic advanced alteration stages and the mineralization 
stage I (massive pyrite stage), can be explained by a second 
input of volcanic vapor in the system, directly linked to the 
economic Cu-Au mineralization event, or/and a decrease of 
temperature from 250 to 200°C.
 Late ﬂuids associated with dickite veins of the stage 
IV have oxygen isotopic compositions similar to stage I, that 
is with a lower volcanic vapor proportion. This composition 
probably reﬂects the terminal stage of the hydrothermal 
system. The inﬂux of the magmatic ﬂuids likely decreased. 
This is interpreted as a decrease of the magmatic hydrostatic 
pressure, which probably allowed a deeper penetration of 
superﬁcial ﬂuids into the hydrothermal system.
This ﬂuid evolution is characteristic of epithermal high-
sulﬁdation deposits, and is in agreement with several 
different formation models proposed in the literature (Rye, 
1993; Arribas, 1995a, b; Hedenquist et al., 2000; Sillitoe 
and Hedenquist, 2003).
Comparison with world class high-
sulﬁdation epithermal deposits and 
active hydrothermal systems
 Chelopech δ18O vs. δD values are displayed in 
Figure 6.11a and are compared with other world class high-
sulﬁdation deposits (modiﬁed from Cooke and Simmons, 
2000 with additional data). O and H isotope analyses from 
fumaroles, wells, spring waters, streams and volcanic 
lakes on Mount Pinatubo, Satsuma Iwo-Jima and Copahue 
Volcanoes (Hedenquist et al., 1994b; Goff and McMurtry, 
2000; Varekamp, 2002; Stimac et al., 2004) are also displayed 
for comparison purpose (Fig. 6.11b). The Chelopech δ18O 
and δD values of the ﬂuid in equilibrium with the above 
described alteration minerals exhibit the same mixing trend 
as the majority of the other deposits. 
 Typically for most deposits, hypogene clay 
minerals, silica, alunite and ore mineralization display 
typical mixed ﬂuid with magmatic origin and meteoric 
water component. Cooke and Simmons (2000) proposed 
that these deposits are characterized by water of magmatic 
origin mixed with meteoric water as being in equilibrium 
with alunite. Based on oxygen and hydrogen isotope 
compositions on these different deposits, the waters that 
precipitate hypogene clays, silica and ore mineralization 
have a greater component of meteoric water relative to that 
which precipitated alunite (Cooke and Simmons, 2000). The 
Chelopech high-sulﬁdation deposit shows a ﬂuid evolution 
with a greater dilution of volcanic vapor by meteoric water 
for the ﬂuids which precipitated post mineralization dickite 
veins, whereas sericitic, pervasive alteration minerals, clay 
minerals associated with the main mineralization stages 
are probably mostly induced by pure volcanic vapor, if 
we consider a probable decrease of temperature from 250 
to 200°C between stage I and IIb. Hedenquist et al. (1998) 
proposed that alunite precipitate from condensed volcanic 
vapor, which induced a fractionation of the 18O relative to 
16O. Chelopech clay minerals may have the same volcanic 
vapor origin as Hedenquist et al. (1998) proposed for the 
alunite.  
 However, one of the characteristics of the Chelopech 
deposit is that isotopic compositions of the clay minerals 
present higher δ18O values than the isotopic composition 
of alunite from the Charlodere occurrence (calculated 
δ18O
SO4-OH
 by Lerouge et al., 2003, 2004) calculated for 
200°C. An alunite, diaspore, and pyrophyllite alteration 
assemblage was described at deeper levels in the Chelopech 
mine, and this mineralogical assemblage is characteristic of 
higher temperatures from 260 to 300°C (Georgieva et al., 
2002). However, alunite is absent in both the exploited and 
economic parts of the shallower level 405 of the mine, where 
clay mineral sample were analyzed. Fluid compositions in 
equilibrium with the Charlodere alunite calculated at 300°C 
show the same isotopic composition than ﬂuids calculated 
from the Chelopech clay minerals at 200°C. The Charlodere 
ore occurrence has to be considered as a slice of the 
Chelopech deposit along the Chelopech thrust (cf. Chapter 
III), which is in agreement with the higher temperature of 
the mineralogical assemblage of the Charlodere alunite. 
Lerouge et al., (2004) proposed a temperature of 210-215°C 
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Fig. 6.11. a. δ18O vs.δD values for mineralizing ﬂuids from various high-sulﬁdation epithermal deposits (black symbols), compared with the 
Chelopech stable isotope data (open symbols). Chelopech alunite analyses from Lerouge et al. (2003). Abbreviations: Le = Lepanto (Hedenquist 
et al., 1998), Me = La Mejicana (Losada-alderon, 1992), Ka = Kasuga; Iw = Iwato (Hedenquist et al., 1994a), Ro = Rodalquilar (Arribas et al., 
1995), Els = Elshitsa (Kouzmanov et al., 2003), PV1 and PV2 = Stage I and II of Pueblo Viejo (Vennemann et al., 1993), White Island data from 
Cooke and Simmons (2000). b. δ18O vs. δD values for mineralizing ﬂuids of the Chelopech deposit compared with volcanic active systems. 
The composition of spring waters from Copahue Volcano and data for Pinatubo hot and cold springs, streams, and lakes, are shown as grey 
triangles and squares, respectively. Pi = Pinatubo Volcano, (Stimac et al., 2004), Co = Copahue Volcano, spring water (Varekamp, 2002), SIJ 
= Satsuma Iwo-Jima, (Hedenquist et al, 1994b; Goff and McMurtry, 2000).
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for the Charlodere alunite, based on the pyrite-alunite pair 
S-isotope temperatures. The authors considered a similar 
mixed ﬂuid origin of magmatic ﬂuid and external water 
(meteoric or sea water) as proposed here for the early 
alteration stage at Chelopech. The isotopic composition of 
ﬂuids which precipitated alunite at Charlodere may reﬂects 
that this mineral equilibrated with a ﬂuid composed of a 
greater proportion of meteoric water with respect to volcanic 
vapor, than at Chelopech. 
 High-sulﬁdation epithermal deposit ﬂuid 
compositions are similar to ﬂuid compositions of active 
hydrothermal systems in arc-related magmatism setting 
(Hedenquist and Aoki, 1991; Hedenquist et al., 1993, 
1994b; Rye, 1993; Hedenquist and Lowenstern, 1994; 
Cooke and Simmons, 2000; Sillitoe and Hedenquist, 2003). 
Active volcanic systems such as Mt Pinatubo, Philippines; 
Satsuma Iwo-Jima, Japan or Copahue volcano, Argentina, 
also provide evidence of ﬂuid mixing of volcanic vapor 
and meteoric or sea water, during the evolution of their 
respective hydrothermal systems (Fig. 6.11b). The isotopic 
composition of fumaroles for the White Island volcano, 
New Zealand (Cooke and Simmons, 2000) has also been 
plotted for comparison. Hedenquist et al. (1994b) described 
the volcanic-hydrothermal system of White Island as 
representing a geochemical environment of an active high-
sulﬁdation Cu-Au ore deposition.
Conclusions
 The Chelopech deposit has no alunite associated 
directly with the ore mineralization and hypogene clays 
on level 405. However, the ﬂuid composition evolution 
is similar to that observed in other world class epithermal 
high-sulﬁdation deposits. Fluids which precipitated quartz, 
sericite and clay minerals of the early alteration at 250°C 
have a volcanic vapor origin. A probable decrease of 
temperature occurs between mineralized stages I and IIb-III. 
A dilution of volcanic vapor by externmal meteoric water 
and/or sea water characterized the end of the ﬂuid evolution 
during stage IV. 
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Discussion and ﬁnal conclusions. 
Introduction
 This part is a general discussion and conclusion on evolution of the Chelopech deposit. The Chelopech deposit 
has been characterized as a typical high-sulﬁdation epithermal deposit. This last chapter proposed metallogenic synthesis 
with an introduction on the general characteristics of epithermal deposits, and the principal metallogenic characteristics of 
the Chelopech deposit. A synthesis of the principal results obtained during this study is done. New considerations the general 
chemical-physical properties of the hydrothermal ﬂuids are incorporated in a new model of the high-sulﬁdation epithermal 
deposit of Chelopech, based on new results, from the Late Cretaceous to the present day. This chapter presents a comparison 
of the Chelopech deposit with typical high-sulﬁdation epithermal deposit in the world. 
Metallogenic synthesis
Characteristics of epithermal deposits
 Epithermal deposits are formed at shallow crustal 
levels (< 1 km) of magma-related hydrothermal system 
in subaerial volcanic settings.  Lindgren (1933) deﬁned 
epithermal deposits as formed in temperature conditions 
below 300°C, typically hosting Au, Ag, and base metals 
deposits. Two distinct styles of epithermal deposits types 
have been deﬁned with the two end-members formed 
in environments analogous to geothermal springs and 
volcanic fumaroles, which are dominated by reduced, 
neutral pH versus oxidized, acidic ﬂuid, respectively. 
The terms generally used are low- and high- sulﬁdation 
deposits (Hedenquist, 1987), based on the sulﬁdation 
state of the sulﬁde assemblage. Table 7.1 displays the 
present nomenclature used for epithermal environments 
(Hedenquist et al., 2000). Hedenquist et al. (2000) propose 
the term intermediate sulﬁdation-state deposit, characterized 
by a pyrite-tetrahedrite/tennantite-chalcopyrite and low 
Fe sphalerite mineral assemblage. These intermediate 
sulﬁdation deposits are Ag and base-metal rich. The terms 
low and high sulﬁdation are used to reﬂect the two end-
member sulﬁdation states referred to the sulﬁde assemblage. 
This mineralogical feature reﬂects the intrinsic nature of the 
ore ﬂuid (Hedenquist, 1987; John, 1999), both its origin and 
also the degree of ﬂuid rock interaction: rock-dominated 
for low-sulﬁdation and ﬂuid-dominated for high sulﬁdation 
systems (Giggenbach, 1992).
 In high sulﬁdation epithermal deposits the 
sulﬁdation states ranges from high for copper-rich enargite-
bearing assemblage to intermediate for the later gold-
rich tennantite-tetrahedrite, pyrite assemblages, with 
similarities to and overlap with the base metal veins. In 
intermediate-sulﬁdation epithermal deposits the full range of 
intermediate sulﬁdation deposits suggest a closer afﬁliation 
between these two types than is commonly thought. Low 
sulﬁdation epithermal deposits appear to be distinct and 
are characterized by quartz adularia carbonate veins with 
sericitic or clay halo, and less sulﬁde minerals than in high-
sulﬁdation epithermal system (Table. 7.2).
 Most high-sulﬁdation epithermal deposits 
are associated with calc-alkaline andesitic to dacitic 
subduction-related magmatism. Highly acidic ﬂuids lead 
to the formation of the advanced argillic lithocaps which 
predate high sulﬁdation mineralization, linked to higher pH 
and moderate to low salinity ﬂuids (Sillitoe and Hedenquist, 
2003).
 Intermediate-sulﬁdation epithermal deposits occur 
in a broadly similar spectrum of andesitic-dacitic arcs 
but commonly do not show such a close connection with 
porphyry-Cu deposits as do many of the high-sulﬁdation 
deposits (Sillitoe and Hedenquist, 2003). 
 Low sulﬁdation deposits are mostly associated with 
bimodal magmatism and/or alkaline magmatism (Sillitoe 
and Hedenquist, 2003), and are genetically formed from 
extremely dilute ﬂuids.
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Geothermal
(dominated by neutral pH and 
reduced hypogene ﬂuid)
Volcanic-hydrothermal
(dominated by early acidic and 
oxidized hypogene ﬂuid
References
Goldﬁeld type Ransome, 1909; Bethke, 1984
Au-qtz veins in andesite and rhyolite Au-alunite Lindgren, 1933
Ag-Au, Ag, Au-Te, and Au-Se veins
Base metal veins with Au, Ag
Cinnabar, stibnite veins
Enargite Au Ashley, 1982
Hot spring Giles and Nelson, 1982
Adularia-sericite Acid sulfate Heald et al., 1987
Low sulfur High sulfur Hedenquist, 1987
Adularia-sericite Alunite-kaolinite Berger and henley, 1989
Intermediate sulﬁdation Hedenquist et al., 2000
Barren quartz-alunite lithocap Sillitoe, 1995 ; Hedenquist et al., 2000
Table. 7.1. Nomenclature used for the main epithermal environments (from Hedenquist et al., 2000).
Table. 7.2. Principal ﬁeld-oriented characteristics of epithermal types and subtypes, after Sillitoe and Hedenquist (2003).
 Recently Sillitoe and Hedenquist (2003) have characterized each epithermal deposit type in function of their 
preferential geodynamic setting (Fig. 7.1). High and intermediate sulﬁdation epithermal deposits are preferentially developed 
in compressional to neutral magmatic arc systems; whereas low-sulﬁdation epithermal deposit are related to extensional stress 
regimes.
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Fig. 7.1. Schematic continental margin-scale sections illustrating selected volcanotectonic settings for high-, intermediate-, and low-sulﬁdation 
epithermal deposits (after Sillitoe and Hedenquist, 2003).
What is a high-sulﬁdation epithermal deposit?
 Bonham (1986) deﬁned the high-sulﬁdation 
epithermal deposits with three typical characteristics:
 -Zoned central advanced argillic, to argillic, to 
peripheral propylitic alteration.
-Copper-gold-arsenic mineralization commonly, 
but not exclusively, with enargite and luzonite as 
the dominant copper mineral phases.
 -An association with calc-alkaline magmatism.
 High-sulﬁdation epithermal deposits are located 
essentially in active margins, in near neutral stress states 
or mild extension, although a few major deposits occur 
in compressive arcs characterized by the suppression of 
volcanic activity (Sillitoe and Hedenquist, 2003). Figure 
7.2 displays the worldwide distribution of high sulﬁdation 
deposits (Arribas, 1995). High-sulﬁdation deposits are 
essentially located in recent and older active margins.
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Fig. 7.2. Worldwide distribution of high sulﬁdation deposits (from Arribas, 1995).
 High-sulﬁdation deposits contain sulﬁde-rich 
assemblages of high-sulﬁdation state, typically pyrite-
enargite, pyrite-luzonite, pyrite-famatinite, and pyrite-
covellite (Einaudi et al., 2003), hosted by leached silicic rock 
with a halo of advanced argillic alteration minerals (Fig. 7.3, 
after Arribas, 1995), with variation at depth (Fig. 7.4, after 
Corbett and Leach, 1998). Table 7.3 displays the different 
characteristics of the epithermal deposits (after Sillitoe, 
2000; Hedenquist et al., 2000, compilation of Tables 3, 4 
and 5b) versus depth. 
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Fig. 7.3. Alteration zones characteristic of high-sulﬁdation deposits 
(from Arribas, 1995).
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Fig. 7.4. High-sulﬁdation system, alteration mineralogy (modiﬁed 
after Corbett and Leach, 1998) showing the relative stability ranges 
of alteration mineral assemblages as a function of temperature 
and pH. (Ab: albite, Act: actinolite, Ad: adularia, Al: alunite, And: 
andalusite, Cb: carbonate, Ch: chlorite, Chd: chalcedony, Cr: 
cristobalite, Ct: calcite, Do: dolomite, Dik: dickite, Dp: diaspore, 
Ep: epidote, Fsp: feldspar, Hal: halloysite, I: illite, K: kaolinite, Op: 
opaline silica, Pyr: pyrophyllite, Q: quartz, Ser: sericite, Sid: siderite, 
Sm: smectite, Tri: tridymite).
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Table. 7.3. Depth and temperature characteristics in high-sulﬁdation deposits. (After Hedenquist et al., 2000, compilation of Tables 3, 4 and 
5b).
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Table. 7.4. Metal ratios for the different exploitation blocks of the 
Chelopech deposit.
 Hedenquist and Lowenstern (1994) proposed a 
magma-related model for the formation of high-sulﬁdation 
deposits (Fig. 7.5). Active volcanic-hydrothermal systems 
extend from the degassing magma at depth to fumaroles and 
acidic springs on surface, and combine the porphyry and/or 
high-sulﬁdation ore environments. Corbett and Leach (1998) 
distinguish lithologically- and structurally-controlled high-
sulﬁdation deposit types. Many systems are in part both 
structurally and lithologically controlled. 
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Fig. 7.5. Schematic cross-section showing shallow, subvolcanic 
intrusions, an associated stratovolcano, and the environments 
deduced for the formation of porphyry Cu, and high and low-
sulﬁdation epithermal ore deposit (from Hedenquist and Lowenstern, 
1994).
 In lithologically controlled deposits, magmatic 
ﬂuids migrate up along dilatant structures then pass laterally 
along permeable host rocks, such as pyroclastic rocks, 
permeable sedimentary rocks or diatreme breccia. The 
mineralization postdates generally the broad alteration zones, 
and is concentrated in breccia core residual, in fractures 
and in silica-alunite zones. High-sulﬁdation systems 
display a predominantly structural controlled sharp if the 
permeability for lateral ﬂuid ﬂow is provided by dilational 
fault/fracture systems, and/or diatreme breccia margins. 
Many systems are elongated along dilational structures 
which control ﬂuid ﬂow. Breccia with jigsaw textures and 
ﬂuidized breccia dykes are indicative of ﬂuid transport in 
feeder structures, and commonly grade to crackle breccias 
towards the periphery of the mineralized areas (Corbett and 
Leach, 1998). 
Characteristics of the Chelopech high-sulﬁdation 
epithermal deposit
 The Chelopech Au-Cu deposit is one of the largest 
gold-producing mines in Europe, with estimated reserves 
of over 3.8 million ounces of gold and 0.5 million tons of 
copper, at an average grade of 3.5 g/t Au and 1.39% Cu. 
Recent investigations on the Chelopech deposit (Georgieva 
et al., 2002; Jacquat, 2003; Moritz et al, 2004) indicate 
typical features which allow us to characterize the deposit 
as a high-sulﬁdation epithermal deposit. The Chelopech 
tonnage and gold content is similar to other world-class 
high-sulﬁdation deposits, such as Lepanto, Philippines, El 
Indio, Chile or Pueblo Viejo, Dominican Republic (Fig. 
7.6).
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Fig. 7.6. Grade tonnage diagram of the Chelopech high-sulﬁdation 
deposit in comparison to similar world deposits (modiﬁed from 
Moritz et al., 2004). The diagram is modiﬁed from Hedenquist et al. 
(2000) with additional data from Sillitoe (1999). Abbreviations: Bol: 
Boliden, Sweden; Bor: Bor, Serbia; Ch: Chinkuashih, Taiwan; El: El 
Indio, Chile; El (DSO): El Indio direct shipping ore; Fu: Furtei, Italy; 
Go: Goldﬁeld: U.S.A.; LC: La Coipa, Chile; Le: Lepanto, Philippines; 
Lh: Lahoca, Hungary; LKK: Lerokis and Kali Kuning, Indonesia; 
Mu: Mulatos, Mexico; Na: Nansatsu district (including Kasuga), 
Japan; Ne’ and Ne’’: Nevados de Famatina, Argentina (high and 
low grade ore, respectively); Pa: Pascua, Chile; Pi: Pierina, Peru; 
PP: Paradise Peak, U.S.A.; PV: Pueblo Viejo, Dominican Republic; 
Ro: Rodalquilar, Spain; Si: Sipan, Peru; Su: Summitville, U.S.A.; Ta: 
Tambo, Chile; Ve: Veladero, Argentina; Ya: Yanacocha, Peru.
 The Chelopech deposit displays a typical advanced 
argillic alteration (cf. Chapter II, Figs. 2.7-9, Georgieva et 
al., 2002), characterized by the presence of an alteration 
zoning from vuggy silica zones associated to advanced 
argillic alteration and alumino-phosphate-sulfate (APS) 
minerals which host essentially the mineralization, to 
quartz-sericite alteration zone, and a peripheral propylitic 
alteration zone. No alunite has been observed in the actual 
exploitation level 405 of the mine; however it was described 
at depth and associated with anhydrite, diaspore, apatite and 
zunyite (Mutafchiev and Petrunov, 1996; Petrunov, 1994, 
1995; Georgieva et al., 2002).
 The mineralization is characteristic of high-
sulﬁdation deposits (Cf. Chapter II, Fig. 2.10, Jacquat, 
2003; Petrunov, 1994, 1995), characterized by an earlier Fe-
S stage, with the precipitation of massive pyrite, followed 
by a Cu-As-S stage associated with enargite-luzonite, and 
tennantite-chalcopyrite-bornite mineral assemblages. Late 
base metal veins overprint previous mineralized stages. 
Table 7.4 displays the element ratios for the different 
exploited blocks of the mine. 
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Fig. 7.7. Geographical repartition of S and Cu wt% contents in 
exploitation blocks 151 and 18. a. S wt% in block 151 on level 405 
and 400, b. Cu wt% in block 151 on level 405 and 400, c. S wt% in 
block 18 on level 405 and 395, d. Cu wt% in block 18 on level 405 
and 400. (GEMCOM mine data: personal communication).
 Massive sulﬁde zones located in the exploitation 
blocks 150 and 151 are enriched in sulfur, copper, silver 
and arsenic compared to the blocks 17 and 18, which are 
characterized by veins and disseminated mineralization. In 
contrast, the latter are enriched in gold. Exploitation block 
19 appears to be intermediate. Geographical repartitions of 
S and Cu contents in the blocks 18 and 151 on level 405, 
395 are reported on the Figure 7.7. It clearly appears that 
these two elements are enriched in massive sulﬁde zones 
(Fig. 7.7a, b).
 Based on Table 7.3, the Chelopech deposit could 
be classiﬁed as a shallow to intermediate depth high-
sulﬁdation epithermal deposit, between 300 and 500m 
with temperatures varying from 230 to 260°C (Hedenquist 
et al., 2000). The predominant copper mineral is enargite, 
generally associated with luzonite, tennantite, covellite, 
chalcocite and digenite. These mineralization features are 
similar to the Chelopech deposit.
Synthesis of the new results of this study
 The structural evolution of Chelopech has been 
described in four stages. The ﬁrst stage is associated 
with the development of a pull-apart basin linked to the 
southern oblique subduction, which probably initiated 
sinistral extensional strike-slip faults (cf. Fig. 3.12a), which 
controlled the mineralized ﬂuid ﬂow. A detailed structural 
study has shown that the Chelopech deposit was structurally 
controlled during the hydrothermal system development, 
displayed by elongated alteration zones oriented along the 
fault systems (~N55, ~N120). The Chelopech deposit was 
covered by Late Cretaceous sedimentary rocks. These late 
sedimentary formations and the deposit were deformed 
during two successive compressional stages, associated 
with the formation of successive E-W-oriented and NE-
oriented folds and the reactivation of the ~ N55-oriented 
normal faults as thrust faults, in dextral strike-slip systems. 
This stage induced the displacement of older altered rock on 
younger altered rocks, which likely preserved the Chelopech 
deposit from the erosion. Surface and underground mapping 
allow us to determine an important overprint of the initial 
geometry of the system by late tectonic events (cf. Chapter 
III). NNW-SSE oriented strike-slip faults accommodated 
the movement and also changed the initial geometry of the 
volcanic system. This dextral transpressive duplex evolved 
to a transtensional system, which characterizes the present 
day Chelopech area structural system. 
 A detailed petrographical study on host rocks of 
the Chelopech deposit allows to characterize the nature 
and the control on these different rock types on brecciation 
processes and mineralization features (cf. Chapter IV). A 
new model evolution has been proposed from the volcanic 
history of the area to the present day Alpine overprint of the 
deposit.
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 The Chelopech deposit is essentially hosted by 
phreatomagmatic breccia which is intruded by an andesitic 
subvolcanic body. This study reveals the presence of volcanic 
tuff interbedded with calcareous sedimentary layers, 
and altered sandstone. The presence of the interbedded 
volcanic and calcareous sedimentary rocks suggests a 
coastal or lacustrian environment during the Chelopech 
magmatic activity. The presence of water can provoked the 
phreatomagmatic stage, and probably also controlled the 
development of the hydrothermal system.
 In these pyroclastic and sedimentary layers, the 
ﬁrst mineralized event induces a intense replacement 
which can form massive sulﬁde lenses, whereas in 
phreatomagmatic breccia and andesite the development of 
veins and disseminated pyrite is predominant. In andesite 
and phreatomagmatic breccia, this stage is likely developed 
in fracture zones, and is characterized by the development 
of hydrothermal injection breccia. The alteration associated 
with the ﬁrst hydrothermal pulses resulted in an important 
variation of the matrix and rock permeability, and provoked 
the development of secondary polymictic hydrothermal 
breccia in all rock types (Fig. 4.11). This breccia type 
is associated with the economic Cu-As-S stage of the 
Chelopech deposit. The economic vein formation in 
secondary polymictic hydrothermal breccia and the 
inﬁll of open-space in massive sulﬁde zones provoke the 
development of the secondary mineralized breccia, which is 
characterized by a mineralized matrix. In view of these new 
results on the importance of host rocks on the mineralization 
and breccia development, we can suggest that the Chelopech 
epithermal high sulﬁdation deposit can also be considered 
as lithologically controlled. 
 After the Chelopech volcanic and hydrothermal 
setting, the phreatomagmatic crater was inﬁlled by 
sandstone, interﬁngered with syn-volcanic and resedimented 
volcaniclastic breccia which marked the end of the Chelopech 
volcanic activity. All these rock units have been overlain by 
marine sedimentary rocks during the Maastrichtian, in a 
pull-apart basin system. 
 Petrological and geochemical investigations 
on these host rocks characterize a typical calc-alkaline 
magmatism with a range of the compositions from porphyritic 
plagioclase and hornblende-bearing andesite to dacite. 
Alteration processes resulted in leaching and a decrease 
of the Na
2
O and CaO contents and an increase in K
2
O and 
Rb contents. Trace and REE variations support a typical 
subduction-related magmatism. U-Pb geochronology on 
single zircon grains allows us to determine a maximum age 
of the Chelopech magmatism of 92.21 ± 0.21 Ma. A mean 
206Pb/238U age of 91.45 ± 0.15 Ma is obtained for the andesitic 
subvolcanic body which directly hosts the mineralization. 
This age is interpreted as the maximum age of the Chelopech 
epithermal deposit. The Chelopech magmatic activity ended 
at 91.3 ± 0.3 Ma (Stoykov et al., 2004) with the formation 
of syn-volcanic breccia. This age has been determined 
as a minimum age of the Chelopech deposit only if we 
considered that the alteration which affected a part of this 
breccia unit is not related to the Chelopech hydrothermal 
system.  176Hf/177Hf isotope ratios of the Chelopech area and 
Elatsite porphyry-Cu magmatic rocks, suggest two different 
magma sources during the magmatic event. Elatsite and 
Petrovden-Murgana magmatic rocks are characterized by 
a strong mantle inﬂuenced source, which has incorporated 
old basement. On the contrary Chelopech magmatic rocks, 
related to the Chelopech deposit, are associated with a 
homogeneous mixed crust-mantle magma source.
 A comparison with recent dating of the Elatsite 
porphyry-Cu deposit (Von Quadt et al., 2002), generally 
associated with the Chelopech epithermal deposit, has 
permitted to determine two different magmatic inputs in this 
region. The Elatsite mineralization was constrained between 
92.1 ± 0.3 and 91.84 ± 0.31 Ma, whereas the Chelopech 
younger host andesitic body, which deﬁnes a maximum age 
of the Chelopech deposit has been dated at 91.45 ± 0.15 Ma. 
These ages suggest that the Elatsite porphyry-Cu deposit is 
slightly older than the Chelopech epithermal deposit, but 
both are linked to the same magmatism.
 The evolution of the hydrothermal ﬂuids has 
been evaluated using oxygen and hydrogen stable isotopes 
on mineral alteration assemblages, in view that water-
magma interactions has been deﬁned in Chapter IV. 
Isotopic compositions of clay minerals of the different 
paragenetic stages and alteration quartz suggest that the 
ﬁrst hydrothermal pulse can be attributed to pure volcanic 
vapor at ~250°C. Progressively the temperature decreased 
and volcanic vapors precipitated the economic stages of the 
Chelopech deposit (Fig. 6.9). The decrease of the magmatic 
hydrostatic pressure induces a second input of meteoric 
water at the end of the hydrothermal system. The proportion 
of volcanic vapor in the system was estimated as varying 
from 60 to 75%. Unfortunately, it was not possible to 
determine using stable isotope data if external water is sea 
water or meteoric water or a mixing of both which interacted 
with the system. The good correlation between δ18O values 
of calculated ﬂuid composition in equilibrium with host 
rocks, ﬂuid compositions in equilibrium with alteration 
minerals and subduction-related vapor ﬁeld (Giggenbach, 
1992), favor the abundant input of magmatic ﬂuids during 
the development of the Chelopech hydrothermal system. 
This ﬂuid evolution is characteristic of epithermal high-
sulﬁdation deposits (Fig. 6.11).
New model of the Chelopech high-
sulﬁdation epithermal deposit
Magmatic setting
 The southwestern subduction of the Adriatic plate 
beneath the Europe margin has produced a Late Cretaceous 
calc-alkaline magmatism and related volcanism in the 
Panagyurishte mineral district. The oblique convergence 
induced sinistral strike-slip movements and thus the 
formation of pull-apart basins, where the magmatism was 
preferentially developed. In the Chelopech area this Late 
Cretaceous calc-alkaline magma intruded the Paleozoic 
basement rocks and the base of the Turonian sandstone. 
Magmatic rocks are essentially characterized by amphibole, 
plagioclase-bearing andesite and dacite. The Chelopech 
pull-apart basin is associated to the sedimentation of detrital 
material and volcanism. The presence of interlayered 
oolitic, bioclastic carbonaceous layers and volcanic tuff 
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with pumice and accretionary lapilli (Fig. 4.6) suggests a 
coastal environment for the volcanism. This presence of 
water drained by faults can have produced phreatomagmatic 
eruptions (Fig. 4.13a). However, this phreatomagmatic 
event could also be related to an interaction between 
groundwater and magma. The phreatomagmatic diatreme is 
hosted by basement rocks, Turonian sandstone and earlier 
emplaced andesite, which has been dated at 92.21 ± 0.21 
Ma (Fig. 5.12). This volcanic event has probably permitted 
the mechanical mixing of previous volcanic tuff succession 
and lava into the phreatomagmatic breccia. At 91.45 ± 
0.15 Ma (Fig. 5.14), the phreatomagmatic breccia was 
intruded by an amphibole plagioclase-bearing hypabyssal 
body with an andesitic texture and composition, along 
the pull-apart basin boundaries. These early units were 
overlain by discordant lacustrian to coastal marine two 
mica sandstone, which was interﬁngering with syn-volcanic 
and resedimented volcaniclastic breccia at Vozdol and 
Chugovista. These units are interpreted as a sedimentary 
and volcanic inﬁll of the phreatomagmatic diatreme. These 
two breccia types present distinct textures of magma-water 
interaction, such as hyaloclastite breccia zones, peperitic 
textures and pillow textures, and are probably formed in a 
lava-delta environment. The interﬁngering of the Turonian 
volcanogenic sandstone with syn-eruptive breccia argues for 
a shallow water environment in a lake or along the seacoast 
inside the pull-apart basin at the end of the Chelopech 
volcanism, and deﬁned a Turonian age of the Vozdol 
resedimented volcaniclastic syn-eruptive and syn-volcanic 
breccia. This age is in agreement with recent U-Pb age of 
91.3 ± 0.3 Ma obtained by Stoykov et al. (2004) on one 
unit of this breccia. This syn-volcanic breccia is interpreted 
as the latest volcanic event in the Chelopech area, as it 
was previously proposed by Popov and Kovatchev (1996), 
Popov et al. (2000), Georgieva et al. (2004) and Stoykov et 
al. (2002, 2004). All previous authors are agreed to consider 
that this Vozdol breccia formation determined a minimum 
age for the Chelopech deposit. However, this Vozdol syn-
volcanic breccia has been altered in the northern part of the 
formation (Fig. 2.9) in the Petrovden area (cf. Chapter II, IV, 
V). 
 A minimum age of the Chelopech deposit can be 
proposed at 91.3 ± 0.3 Ma only considering that the Petrovden 
alteration area is not contemporaneous with the Chelopech 
hydrothermal event. In this condition the maximum age of 
the Chelopech deposit is 91.45 ± 0.15 Ma and the minimum 
age is 91.3 ± 0.3 Ma (Stoykov et al. 2004), which show 
a time range of 600 000 years for the development of the 
Chelopech mineralization.
Development of the hydrothermal system
 Unfortunately, it was not possible to determine 
precisely the beginning of the hydrothermal system, 
and associated alteration of the Chelopech deposit. 
Nevertheless, the age of the andesitic subvolcanic body 
at 91.45 ± 0.15 Ma is interpreted as the maximum age of 
the Chelopech deposit. Stable isotope studies have shown 
that hydrothermal ﬂuids which provoked the alteration and 
the mineralization deposition were dominated by volcanic 
vapor (Fig. 6.9). The Chelopech alteration which predates 
the Chelopech mineralization is characteristic of high-
sulﬁdation epithermal deposits, with an external propylitic 
zones, an intermediate sericitic zone and an advanced 
argillic zone immediately surrounding the ore-bodies. This 
alteration was produced by an acidic and oxidizing ﬂuid 
(Fig. 7.3), and followed by the three mineralization stages 
of the Chelopech deposit: Fe-S, Cu-As-S and polymetallic 
(Fig. 2.10). These hydrothermal ﬂuids were preferentially 
channeled along different host rocks and along preexisting 
E-W and NE-SW-oriented fault. 
 Physical and chemical properties of the  
 hydrothermal ﬂuids
 The physical and chemical conditions during the 
genesis of epithermal high-sulﬁdation deposits have been 
studied and characterized in detail during the last 10 years 
(Giggenbach, 1991, 1992; Einaudi et al., 2003; and others).
 Microprobe analyses on magmatic and hydrothermal 
apatite show different characteristics of these hydrothermal 
ﬂuids. Magmatic apatite is essentially hydroxy-ﬂuoroapatite 
with a relative enrichment in Cl contents in parallel to the 
alteration intensity. In contrast hydrothermal apatite does not 
have any detectable Cl content, and are, therefore, classiﬁed 
as ﬂuoroapatite (Fig. 5.9). In fact the partitioning of F, Cl and 
OH between mineral and ﬂuid controls the composition of the 
apatite. The enrichment of Cl and OH- contents in magmatic 
apatite with the alteration intensity can be attributed to a 
direct enrichment of Cl with the alteration, or a decrease 
of F content due to the alteration. An enrichment of Cl 
content suggest that the ﬂuids responsible of the Chelopech 
alteration were enriched in Cl which is not in agreement 
with the general low salinity of the hydrothermal ﬂuids 
admitted for high-sulﬁdation epithermal deposits (Arribas, 
1995; Cooke and Simmons, 2000; Hedenquist et al., 2000; 
Sillitoe and Hedenquist, 2003). The hydrothermal ﬂuids 
associated with high-sulﬁdation epithermal deposits are 
acidic and oxidizing ﬂuids with a low salinity. The alteration 
of magmatic apatite is due to the circulation of this type of 
ﬂuids in the Chelopech deposit. The decrease in F content 
and the increase in OH- content in the magmatic apatite with 
the alteration is probably a function of the pH of the ﬂuid, 
the temperature and the dissociation constant of F--HF and 
Cl--HCl. 
 The redox state and pH of the ﬂuid may be 
assessed using mineral assemblages. This theoretical 
information can be used in association with stable isotope 
data to characterize the ﬂuid composition. Based on mineral 
parageneses, the Chelopech ﬂuid evolution has been 
plotted on a log fS
2
 vs. T°C diagram (Fig. 7.8, Einaudi et 
al., 2003), and the Chelopech ﬂuids are typical of those of 
epithermal high-sulﬁdation deposits. A low pH and oxidized 
ﬂuid is necessary to form advanced argillic alteration and 
vuggy silica. The oxidation state could be controlled by 
the input of meteoric ﬂuid into the system and/or strong 
vapor fractionation. Fluid composition is controlled by the 
SO
2
/H
2
S ratio, which determines a gas-buffer, where the 
sulfur was originally SO
2
 of magmatic source and upon 
cooling to <300°C, SO
2
 reacts with water according to the 
following reaction:  4SO
2
 + 4H
2
O ↔ 3H
2
SO
4
 + H
2
S.  This 
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Fig. 7.8. Log f S2 vs. T°C, from Einaudi et al. (2003, cf. Figs.4, 7), showing the sulﬁdation state and ﬂuids from active hydrothermal systems 
plotted over a grid of mineral sulﬁdation reactions at 1 bar. (HS, high-sulﬁdation epithermal deposits; LS, low-sulﬁdation epithermal deposits). 
The different mineralizing stages of the Chelopech deposit have been plotted as a function of the mineral associations, I: Fe-S stage; IIa: Cu-
As-S stage, enargite-luzonite paragenese; IIb: Cu-As-S stage, tennantite-chalcopyrite-bornite paragenese; III: Pb-Zn stage.
interpretation is in agreement with O and H isotope data for 
ﬂuids in equilibrium with the alteration assemblages, which 
expresses a mixing of volcanic vapor and meteoric water 
(Fig. 6.9), and also with the sulfur isotopic composition of 
the Chelopech mineralization (Jacquat, 2003; Moritz et al., 
2004). Sulﬁdes and enargite display a range of δ34S values 
from -9 to 1‰ (CDT) and the sulfate composition ranges 
from 15 to 28‰ (Jacquat, 2003). These variations are 
generally interpreted in terms of sulfur isotope fractionation 
during hydrolysis of magmatic SO
2
 and ﬂuid oxidation with 
decreasing temperature (Rye, 1993). 
 The rock buffer has been totally consumed during 
the pre-mineralized alteration stages. The H
2
S + SO
2
 + 
HCl vapor phases ascend to the surface and react with 
any meteoric water present, in agreement with the stage I 
isotopic data (Fig. 6.9) and similar to composition observed 
in fumaroles and deep wells in active hydrothermal systems 
(Fig. 6.11). This mixing forms an oxidized and acid sulfate 
ﬂuid which then leaches and reacts with the host rock; this 
leaching can then produce a permeable zone of mixing, 
which would be favorable for clay mineral deposition. 
 The decrease of log f S
2
, from stage IIb to III, could 
be associated with sulﬁde deposition or a loss of H
2
S and H
2
 
into a vapor phase (Giggenbach, 1987), and compatible with 
the predominant volcanic vapor composition of the ﬂuids in 
equilibrium with these mineralizing stages.
 Mineralization textures and control of the  
 host rocks
 These chemical variations of the ﬂuids are also 
associated with the development of typical mineralization, 
and each of them corresponds to different hydrothermal 
breccia types. After the precipitation of the primary 
alteration assemblages due to interaction of volcanic vapor 
with meteoric water, the input of volcanic vapor increased 
in the system, based on stable isotope data (Fig. 6.9). The 
primary alteration assemblages can have produced some 
impermeable areas around the hydrothermal system, and 
limited the exchange with external meteoric water, thus 
the volcanic vapor input can increase onto magmatic 
hydrostatic pressure environment. This stage resulted in the 
precipitation of the ﬁrst mineralization assemblage at an 
estimated temperature of 250°C which is characterized by 
the dissemination of pyrite in andesite and phreatomagmatic 
breccia, which may lead to the total replacement of the 
primary mineralogy in volcanic tuff and interlayered 
sedimentary rocks. This massive replacement was pervasive 
and preserved the initial textures of the host rocks (Figs. 4.5, 
4.11c). 
 Volcanic vapors, composed of H
2
S, HCl, H
2
O, 
± SO
2
, ± HF, resulted in the formation of hydrothermal 
injection breccia, which are probably channeled along 
structural features (Figs. 4.11d, e). The successive pulses 
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of hydrothermal ﬂuids induced the development inside 
previous hydrothermal injection breccia and massive sulﬁde 
zone of the secondary polymictic breccia. This breccia 
type was associated with the second mineralization stage 
which was marked by the precipitation of enargite-luzonite 
(stage IIa) and tennantite-chalcopyrite-bornite (stage IIb) 
assemblages, in volcanic vapor dominated hydrothermal 
system. Variations of the fS
2
 and H
2
S content in the ﬂuid 
could produce the change between the stage IIa and IIb. 
The development of secondary mineralized breccia is also 
associated with this economic mineralization stage. This 
breccia was drained by secondary polymictic hydrothermal 
breccia conduit and/or was developed inside massive sulﬁde 
zones (Figs. 4.11g-h). 
 Polymetallic vein assemblage of the stage III 
was the latest mineralizing event, and overprinted each 
preexisting mineralized event or breccia.
 The late observed hydrothermal system event was 
marked by late dickite-kaolinite veins, which based on stable 
isotope data reveal an increase of meteoric water in the 
system. This late mineralization event has been interpreted 
as the end of the hydrothermal activity of the Chelopech 
deposit, associated with a change between a magmatic 
hydrostatic dominated system to a meteoric hydrostatic 
dominated system.
 At the periphery of the system, the Vozdol base 
metal occurrence (Chapter II) was formed probably 
during the same time as the Chelopech deposit and could 
be considered as an intermediate sulﬁdation epithermal 
mineralization according to the terminology of Hedenquist et 
al. (2000). This deposit type is generally considered to have 
been formed in presence of an important input of reducing 
and neutral ﬂuid such as meteoric water and less oxidizing 
and acid magmatic ﬂuid at the periphery of the volcanic and 
hydrothermal system (Hedenquist et al., 2000; Sillitoe and 
Hedenquist, 2003). The inﬂux of the magmatic ﬂuids likely 
decreased at the periphery of the hydrothermal system, thus 
the magmatic hydrostatic pressure decreased, as well which 
allowed a deeper penetration of superﬁcial ﬂuids into the 
hydrothermal system. This assumes that the model is also 
applicable here for the Vozdol ore occurrence.
 The Petrovden alteration area (cf. Chapter II, IV, 
V) present a similar alteration zoning than the Chelopech 
deposit from a peripheral propylitic zone to innermost 
argillic alteration. This alteration zone overprints essentially 
the Petrovden-Murgana dacitic dome-like body, the Turonian 
coarse sandstone and the Vozdol volcanic breccia, along 
the Petrovden E-W-oriented fault. Unfortunately, it was 
not possible to link directly the Petrovden alteration zone 
to the Chelopech deposit. However, if we considered that 
this two hydrothermal event are linked the minimum age 
of the Chelopech hydrothermal system cannot be estimated 
based on U-Pb age of 91.3 ± 0.3 Ma obtained for the Vozdol 
volcanic breccia event (Stoykov et al., 2004).
Structural overprint
 Magmatic rocks and therefore mineralization zones 
were overlain at the end of the Cretaceous by a Turonian 
volcanogenic sandstone inﬁll of the phreatomagmatic 
diatreme crater in a coastal or lacustrian environment. This 
formation presents a sedimentary unconformity with erosion 
discordance with Maastrichtian marine sedimentation 
which deﬁnes the Chelopech syncline (Figs. 2.2, 3.4a). The 
Chelopech area changes in ~10 Ma from coastal/lacustrian 
to deeper marine environment, if we consider that the 
volcanogenic sandstone of the Chelopech Formation which 
indicates the end of the Chelopech hydrothermal activity 
is Turonian, as it was proposed by Stoykov and Pavlishina 
(2003). The base of the Maastrichtian reddish limestone of 
the Mirkovo Formation is characterized by volcaniclastic 
conglomerate. This work suggests that this conglomerate 
can be related to the destruction of the volcanic ediﬁce. The 
Maastrichtian sedimentation continued with the deposition 
of the Chugovista ﬂysch Formation (Fig. 2.2), inside of the 
Chelopech pull-apart basin (Figs. 3.12a, 4.13c). 
 A change of the principal stress axes associated 
with the Alpine collision resulted in the transition of a 
sinistral transtensional strike-slip system to a dextral 
transpressional strike-slip system (Fig. 3.12b). This stage 
induced the closure of the Chelopech pull-apart and the 
thrusting of older andesite on the Chelopech deposit (Fig. 
5.2). The Chelopech deposit was probably preserved from 
erosion by this Tertiary Alpine tectonic overprint. A second 
stage of transpressional deformations, which are due to a 
rotation of the axis of the principal constraints, induced the 
reactivation of NE-SE faults as thrust faults, and overprinted 
the entire Chelopech deposit, associated with NNW-SSE 
normal strike-slip along the Panagyurishte mineral district, 
and dextral movement along the E-W fault (3.12c). This 
Tertiary tectonic overprint is responsible for the present day 
geometry of the Chelopech deposit. 
 At the present day, the Chelopech area is 
characterized by a transtensional regime. Some of the NE-
SW faults are reactivated as normal faults, as exempliﬁed by 
the change in kinematics of the Chelopech thrust fault to a 
normal fault at the margins of the Chelopech syncline (Fig. 
3.12d). This dextral transtensional strike-slip system resulted 
in the formation of horsts and grabens in the Panagyurishte 
mineral district.
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Comparison of the Chelopech deposit with typical high-sulﬁdation epithermal deposits 
Comparison with the Panagyurishte epithermal deposits
 Recently Moritz et al. (2004) compared the Chelopech deposit to the other Panagyurishte high-sulﬁdation epithermal 
deposits. The variation in the composition of the dominant magmatism, the exposed structural level of the crust, and possibly 
the variation in tectonics from the northern to the southern part of the Panagyurishte mineral district are paralleled by a 
latitudinal change in the characteristics of the epithermal Cu-Au deposits. It appears that the northern Chelopech deposit 
is the most important deposit in grade and tonnage of the region, and displays several differences (Table. 7.5). The authors 
proposed that these differences between northern and southern deposits can be related to emplacements at different depths 
of the deposits, differences in the degree of preservation, modiﬁcations of regional controls such as magma petrogenesis and 
tectonic regimes.
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Table. 7.5. Major characteristics of high-sulﬁdation epithermal deposits from the Panagyurishte mineral district, after Moritz et al. (2004).
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Table. 7.6. Selected features of high-sulﬁdation epithermal deposits, after Sillitoe and Hedenquist (2003).
 The Chelopech epithermal high-sulﬁdation deposit stands out as a giant and economically attractive deposit. Table 
7.6 displays typical characteristic of world class high-sulﬁdation deposits. The Chelopech deposit presents similar features, a 
low Ag/Au ratio from 2 to 9, lithologically and structurally controlled massive sulﬁde and breccia bodies, dissemination and 
veins deposit styles, a Au-Cu-S-As-Bi-Se-Te-Ag-Zn-Pb mineralization, it is hosted by a hypabyssal body with an andesitic 
texture and composition, phreatomagmatic breccia, volcanic tuff and associated sedimentary rocks and it is characterized 
by an extensional continental margin arc. An important characteristic and difference of the Chelopech deposit with typical 
high-sulﬁdation epithermal deposit, is the absence of alunite associated with typical high-sulﬁdation mineralization, however 
signiﬁcant alumino-phosphate-sulfate minerals such as the svanbergite-woodhouseite solid solution of the alunite group are 
present. 
 In grade and tonnage, Chelopech is very similar 
to the Lepanto (Philippines) and Pueblo Viejo (Dominican 
Republic) high-sulﬁdation epithermal deposits. Hedenquist 
et al. (1998) proposed that the epithermal ore at Lepanto–
Far Southeast reﬂects a paleohydrologic regime dominated 
by lateral ﬂuid ﬂow; with is controlled by intersection of the 
Lepanto fault  and a lithologic unconformity (Garcia et al., 
1991; Corbett and Leach, 1998), as we can observe for the 
Chelopech deposit. The high-sulﬁdation epithermal deposit 
of Lepanto and Porphyry-Cu deposit of Far Southeast are 
coupled in origin and result from vapor and hypersaline liquid 
separation (Hedenquist et al., 1998). The Pueblo Viejo high-
sulﬁdation epithermal deposit is hosted by a maar diatreme 
complex (Muntean et al, 1990), which greatly facilitated the 
development of the mineralization. The mineralized stage 
I at Pueblo Viejo which produced deep alunite-quartz and 
shallower kaolinite-quartz, associated with disseminated 
pyrite displays the same ﬂuid composition dominated by 
volcanic vapor as the Chelopech deposit (Vennemann et al., 
1993). However, the Pueblo Viejo deposit is marked by the 
development of a second higher temperature stage resulting 
from a renewed inﬂux of essentially pure magmatic ﬂuid, 
associated with the precipitation of deep pyrophyllite and 
diaspore and an overlying silica cap. This stage cannot be 
compared with the Chelopech deposit based on our study; 
however, pyrophyllite and diaspore have been described at 
depth at Chelopech, associated with alunite. 
 The Chelopech deposit can be considered as an 
example of a lithologically controlled massive sulﬁde 
replacement mineralization and hydrothermal breccia 
development in a structurally controlled high-sulﬁdation 
epithermal deposit.
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Appendix A: Location of surface samples.
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Appendix B:
Location of mine samples.
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t, 
pr
op
yl
iti
c 
al
te
ra
tio
n
*
V
10
6-
02
W
 C
hu
go
vi
st
a
Fe
-M
g-
 ri
ch
 fo
rm
at
io
n,
 a
ss
oc
ia
te
d 
w
ith
 th
e 
an
de
si
tic
 s
yn
-e
ru
pt
iv
e 
br
ec
ci
a
V
10
7-
02
W
 C
hu
go
vi
st
a
al
te
re
d 
an
de
si
te
 p
ro
py
lit
ic
 a
lte
ra
tio
n 
w
ith
 il
m
en
ite
, c
el
ad
on
ite
 v
ei
ns
 w
hi
ch
 o
ve
rp
rin
te
d 
th
e 
br
ec
ci
a
*
V
10
8-
02
S
om
m
et
 P
et
ro
vd
en
, s
lid
e
D
ac
ite
 "
M
ur
ga
na
 d
om
e-
lik
e 
bo
dy
",
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
al
te
ra
tio
n
*
*
V
10
9-
02
E
nt
re
 C
hu
go
 e
t V
oz
do
l
H
yd
ro
th
er
m
al
 b
re
cc
ia
, s
im
ila
r t
o 
th
e 
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a 
un
de
rg
ro
ud
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
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List of samples on surface and underground.
A-159
n°
lo
ca
tio
n
de
sc
ri
pt
io
n
 thin section
 whole rock analyses
��
18O 
��
D
��
18O whole rock
V
11
0-
02
P
et
ro
vd
en
 M
on
t S
E
 fl
an
c,
 V
oz
do
l V
al
le
y
V
oz
do
l s
yn
-e
ru
pt
iv
e 
br
ec
ci
a,
 la
vi
c 
an
d 
gl
as
sy
 m
at
rix
*
V
11
1-
02
P
et
ro
vd
en
 M
on
t S
E
 fl
an
c,
 V
oz
do
l V
al
le
y
V
oz
do
l b
re
cc
ia
, a
nd
es
iti
c 
cl
as
t A
II,
 p
ro
py
lit
ic
 a
lte
ra
tio
n
V
11
2-
02
P
et
ro
vd
en
 M
on
t S
E
 fl
an
c,
 V
oz
do
l V
al
le
y
Ilm
en
ite
, c
el
ad
on
ite
 v
ei
ns
, w
hi
ch
 o
ve
rp
rin
te
d 
th
e 
br
ec
ci
a,
 s
ec
on
da
ry
 a
lte
ra
tio
n,
 s
im
ila
r t
o 
th
e 
ve
in
s 
of
 th
e 
C
hu
go
vi
st
a 
br
ec
ci
a
V
11
3-
02
P
et
ro
vd
en
 M
on
t S
E
 fl
an
c,
 V
oz
do
l V
al
le
y
V
oz
do
l b
re
cc
ia
, a
nd
es
iti
c 
cl
as
t A
II,
 p
ro
py
lit
ic
 a
lte
ra
tio
n
*
V
11
4-
02
P
et
ro
vd
en
 M
on
t S
E
 fl
an
c,
 V
oz
do
l V
al
le
y
V
oz
do
l b
re
cc
ia
, a
nd
es
iti
c 
cl
as
t A
I, 
pr
op
yl
iti
c 
al
te
ra
tio
n
V
11
5-
02
P
et
ro
vd
en
 M
on
t S
E
 fl
an
c,
 V
oz
do
l V
al
le
y
Ilm
en
ite
, c
el
ad
on
ite
 v
ei
ns
, w
hi
ch
 o
ve
rp
rin
te
d 
th
e 
br
ec
ci
a,
 s
ec
on
da
ry
 a
lte
ra
tio
n,
 s
im
ila
r t
o 
th
e 
ve
in
s 
of
 th
e 
C
hu
go
vi
st
a 
br
ec
ci
a
*
*
V
11
6-
02
B
et
w
ee
n 
C
hu
go
vi
st
a 
an
d 
V
oz
do
l
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
 
*
*
V
11
7-
02
B
et
w
ee
n 
C
hu
go
vi
st
a 
an
d 
V
oz
do
l
co
nt
ac
t b
et
w
ee
n 
al
te
re
d 
an
de
si
te
 a
nd
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
V
11
8-
02
B
et
w
ee
n 
C
hu
go
vi
st
a 
an
d 
V
oz
do
l
H
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
V
11
9-
02
B
et
w
ee
n 
C
hu
go
vi
st
a 
an
d 
V
oz
do
l, 
O
re
 b
od
y 
1
H
yd
ro
th
er
m
al
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je
ct
io
n 
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ci
a,
 s
im
ila
r t
o 
hy
dr
ot
he
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 b
re
cc
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f t
he
 e
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ita
tio
n 
bl
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 1
7 
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d 
18
 u
nd
er
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nd
, d
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se
m
in
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 p
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*
C
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er
e
C
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C
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rlo
de
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U
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et
er
m
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ed
 h
yd
ro
th
er
m
al
 b
re
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ia
, a
nd
es
iti
c 
cl
as
ts
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
C
a2
-0
0
C
ha
rlo
de
re
A
lte
re
d 
vo
lc
an
ic
 b
re
cc
ia
, a
nd
es
iti
c 
cl
as
ts
, q
tz
-s
er
 a
lte
ra
tio
n
C
a3
-0
0
C
ha
rlo
de
re
A
lte
re
d 
vo
lc
an
ic
 tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
C
a4
-0
0
C
ha
rlo
de
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A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
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C
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0
C
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de
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et
er
m
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th
er
m
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 b
re
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c 
cl
as
ts
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
C
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-0
1
C
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rlo
de
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A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
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tio
n
*
*
di
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di
ck
C
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-0
2
C
ha
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A
lte
re
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vo
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an
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re
cc
ia
, a
nd
es
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c 
cl
as
ts
, p
ro
py
lli
tic
 to
 q
tz
-s
er
 a
lte
ra
tio
n
*
m
in
e 
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te
rn
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ri
es
C
78
-0
0
S
ou
tw
es
te
rn
 g
al
er
y
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hr
ea
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ag
m
at
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 b
re
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ia
, a
dv
an
ce
d 
ar
gi
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c 
al
te
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tio
n,
 a
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t
C
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0
S
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y
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ea
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ic
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re
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ia
, a
dv
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ce
d 
ar
gi
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c 
al
te
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n,
 a
nd
es
iti
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t
C
80
-0
0
S
ou
tw
es
te
rn
 g
al
er
y
P
hr
ea
to
m
ag
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ic
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 v
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tu
ff 
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as
t
C
81
-0
0
S
ou
tw
es
te
rn
 g
al
er
y
P
hr
ea
to
m
ag
m
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ic
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
*
qt
z
C
82
-0
0
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ou
tw
es
te
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 g
al
er
y
P
hr
ea
to
m
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, a
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ce
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n
C
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y
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to
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, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
84
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1
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l e
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al
er
y
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te
re
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an
de
si
te
 w
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 c
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ed
on
y 
ve
in
, q
tz
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lte
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tio
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to
 a
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ill
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lte
ra
tio
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se
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ed
 p
yr
ite
C
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1
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l e
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 c
ha
lc
ed
on
y 
ve
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dv
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ar
gi
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te
ra
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n,
 d
is
se
m
in
at
ed
 p
yr
ite
C
43
-0
1
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l e
st
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al
er
y
al
te
re
d 
an
de
si
te
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dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
, s
tro
ng
ly
 fa
ul
te
d
*
*
C
48
-0
1
sh
af
t c
en
tra
l 4
05
al
te
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
C
49
-0
1
W
es
t g
al
er
y
al
te
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
*
*
qt
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se
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se
r
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-0
1
W
es
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al
er
y
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te
re
d 
vo
lc
an
ic
 b
an
de
d 
tu
ff,
 q
tz
-s
er
 a
lte
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
*
*
*
C
51
-0
1
W
es
t g
al
er
y
br
ec
ch
ifi
ed
 a
lte
re
d 
an
de
si
te
, p
hr
ea
to
m
ag
m
at
ic
 b
re
cc
ia
, l
at
e 
ba
se
 m
et
al
 v
ei
ns
C
52
-0
1
W
es
t g
al
er
y
Li
ttl
e 
ve
in
 o
f c
ha
lc
ed
on
y,
 N
16
0-
75
W
-o
rie
nt
ed
, w
ith
in
 a
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
C
53
-0
1
W
es
t g
al
er
y
S
ili
ci
fie
d 
vo
lc
an
ic
 tu
ff,
 q
tz
-s
er
 a
lte
ra
tio
n
C
54
-0
1
W
es
t g
al
er
y
S
ili
ci
fie
d 
vo
lc
an
ic
 tu
ff,
 q
tz
-s
er
 a
lte
ra
tio
n,
 s
tro
ng
ly
 fa
ul
te
d 
zo
ne
 N
22
-7
0E
-o
rie
nt
ed
 fa
ul
ts
*
*
qt
z
*
C
56
-0
1
 1
51
 W
es
t d
ec
lin
e
A
lte
re
d 
Tu
ro
ni
an
 s
an
ds
to
ne
, p
al
e 
gr
ey
 ro
ck
, s
tro
ng
ly
 s
ili
ci
fie
d,
 q
tz
-s
er
 a
lte
ra
tio
n
*
*
qt
z
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List of samples on surface and underground.
A-160
n°
lo
ca
tio
n
de
sc
ri
pt
io
n
 thin section
 whole rock analyses
��
18O 
��
D
��
18O whole rock
C
67
-0
1
15
1-
10
3/
40
5 
ga
le
ry
A
lte
re
d 
Tu
ro
ni
an
 s
an
ds
to
ne
, p
al
e 
gr
ey
 ro
ck
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
rg
ill
ic
 a
lte
ra
tio
n
*
*
C
68
-0
1
15
1-
10
3/
40
5 
ga
le
ry
A
lte
re
d 
an
de
si
tic
 b
od
y,
 n
ot
 s
tro
ng
ly
 s
ili
ci
fie
d,
 fr
ia
bl
e,
 p
ro
py
lit
ic
 a
lte
ra
tio
n
*
*
C
69
-0
1
15
1-
10
3/
40
5 
ga
le
ry
A
lte
re
d 
an
de
si
tic
 b
od
y,
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
70
-0
1
sh
af
t c
en
tra
l 4
05
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
C
71
-0
1
sh
af
t c
en
tra
l 4
05
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
C
72
-0
1
sh
af
t W
/4
05
A
lte
re
d 
an
de
si
te
, p
ro
py
lit
ic
 to
 q
tz
-s
er
 a
lte
ra
tio
n,
 fa
ul
te
d 
zo
ne
*
C
73
-0
1
ce
nt
ra
l e
st
 g
al
er
y
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
*
*
*
C
74
-0
1
ce
nt
ra
l e
st
 g
al
er
y
A
lte
re
d 
an
de
si
te
, a
rg
ill
ic
 a
lte
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
, b
or
ni
te
, e
na
rg
ite
C
75
-0
1
ce
nt
ra
l e
st
 g
al
er
y
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
*
*
qt
z
*
C
76
-0
1
ce
nt
ra
l e
st
 g
al
er
y
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
, v
ei
n 
w
ith
 b
ar
ite
 a
nd
 c
ha
lc
ed
on
y,
 N
10
0-
or
ie
nt
ed
C
84
-0
1
8-
sh
af
t 4
05
P
hr
ea
to
m
ag
m
at
ic
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 a
nd
es
iti
c 
cl
as
t
C
85
-0
1
8-
sh
af
t 4
05
P
hr
ea
to
m
ag
m
at
ic
 b
re
cc
ia
, p
ro
py
lit
ic
 to
 q
tz
-s
er
 a
lte
ra
tio
n,
 c
ar
bo
na
te
 v
ei
n
**
C
1-
02
8-
sh
af
t 4
05
C
ha
lc
ed
on
y 
ve
in
, w
ith
 c
la
y 
m
in
er
al
s,
 d
is
se
m
in
at
ed
 p
yr
ite
C
2-
02
8-
sh
af
t 4
05
P
hr
ea
to
m
ag
m
at
ic
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 a
nd
es
iti
c 
cl
as
t
*
C
3-
02
8-
18
/4
05
 g
al
er
y
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
C
5-
02
W
es
t d
ec
lin
e 
4 
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
, c
ha
lc
op
yr
ite
*
*
C
6-
02
W
es
t d
ec
lin
e 
4 
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
, s
tro
ng
ly
 fa
ul
te
d 
zo
ne
C
7-
02
W
es
t d
ec
lin
e 
4 
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
, c
ha
lc
op
yr
ite
*
ex
pl
oi
ta
tio
n 
bl
oc
ks
C
5-
00
17
/4
05
un
de
te
rm
in
ed
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
41
-0
0
17
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
en
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
ili
ci
fie
d
C
42
-0
0
17
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
en
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
ili
ci
fie
d,
 q
ua
rtz
, p
yr
ite
, e
na
rg
ite
, t
en
na
nt
ite
 v
ei
nl
et
s
C
43
-0
0
17
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
en
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
ili
ci
fie
d,
 q
ua
rtz
, p
yr
ite
, e
na
rg
ite
, t
en
na
nt
ite
 v
ei
nl
et
s
C
44
-0
0
17
/4
05
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 a
nd
es
iti
c 
cl
as
t w
ith
 v
ug
gy
 s
ili
ca
, v
ug
s 
si
ze
 c
en
tim
et
ric
, f
ill
ed
 w
ith
 d
ic
ki
te
di
ck
di
ck
C
45
-0
0
17
/4
05
P
hr
ea
to
m
ag
m
at
ic
 b
re
cc
ia
, a
lte
re
d 
an
de
si
tic
 c
la
st
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
C
46
-0
0
17
/4
05
Fi
ne
 u
nd
et
er
m
in
ed
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 m
in
er
al
iz
ed
, v
ei
ns
 a
nd
 d
is
se
m
in
at
ed
 p
yr
ite
C
47
-0
0
17
/4
05
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 fl
ui
di
ze
d 
br
ec
ci
a,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d
C
48
-0
0
17
/4
05
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 fl
ui
di
ze
d 
br
ec
ci
a,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
C
49
-0
0
17
/4
05
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 fl
ui
di
ze
d 
br
ec
ci
a,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
C
50
-0
0
17
/4
05
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
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a,
 a
nd
es
iti
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 a
rg
ill
ic
 a
lte
ra
tio
n
C
51
-0
0
17
/4
05
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 fl
ui
di
ze
d 
br
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ci
a,
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dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
C
52
-0
0
17
/4
05
S
ec
on
da
ry
 p
ol
ym
ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
C
53
-0
0
17
/4
05
S
ec
on
da
ry
 p
ol
ym
ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
C
54
-0
0
17
/4
05
S
ec
on
da
ry
 p
ol
ym
ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
C
55
-0
0
17
/4
05
A
lte
re
d 
an
de
si
te
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 d
is
se
m
in
at
ed
 m
in
er
al
iz
at
io
n
C
56
-0
0
17
/4
05
A
lte
re
d 
an
de
si
te
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 d
is
se
m
in
at
ed
 m
in
er
al
iz
at
io
n
C
57
-0
0
17
/4
05
A
lte
re
d 
an
de
si
te
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 d
is
se
m
in
at
ed
 m
in
er
al
iz
at
io
n
C
58
-0
0
17
/4
05
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 fl
ui
di
ze
d 
br
ec
ci
a,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
, i
n 
ha
lo
 a
ro
un
d 
m
in
er
al
iz
ed
 v
ei
ns
Appendix C:
List of samples on surface and underground.
A-161
n°
lo
ca
tio
n
de
sc
ri
pt
io
n
 thin section
 whole rock analyses
��
18O 
��
D
��
18O whole rock
C
1-
01
17
/4
05
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 fl
ui
di
ze
d 
br
ec
ci
a,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
C
25
-0
1
17
/3
95
U
nm
in
er
al
iz
ed
 a
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
C
30
-0
1
17
/3
95
S
ec
on
da
ry
 p
ol
ym
ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
, b
or
ni
te
, 
C
31
-0
1
17
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 fa
ul
te
d 
zo
ne
*
*
qt
z
*
C
32
-0
1
17
/3
95
S
ec
on
da
ry
 p
ol
ym
ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 d
is
se
m
in
at
ed
 p
yr
ite
,c
la
st
 w
ith
 e
na
rg
ite
, t
en
na
nt
ite
 m
in
er
al
iz
at
io
n,
 
*
cl
as
ts
 s
iz
e 
fro
m
 1
m
m
 to
 ~
3c
m
C
2-
00
18
/4
05
C
on
ta
ct
 b
et
w
ee
n 
al
te
re
d 
an
de
si
te
 a
nd
 h
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
C
3-
00
18
/4
05
C
on
ta
ct
 b
et
w
ee
n 
al
te
re
d 
an
de
si
te
 a
nd
 h
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
C
6-
00
18
/4
05
hy
dr
ot
he
rm
al
 in
je
ct
io
n 
br
ec
ci
a,
 u
nm
in
er
al
iz
ed
 o
nl
y 
di
ss
se
m
in
at
ed
 p
yr
ite
, f
ra
gm
en
t o
f b
as
em
en
t m
us
c 
an
d 
ba
se
m
en
t c
la
st
C
6*
-0
0
18
/4
05
H
os
t r
oc
k 
of
 th
e 
hy
dr
ot
he
rm
al
 in
je
ct
io
n 
br
ec
ci
a,
 a
lte
re
d 
an
de
si
te
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
7-
00
18
/4
05
hy
dr
ot
he
rm
al
 in
je
ct
io
n 
br
ec
ci
a,
 u
nm
in
er
al
iz
ed
 o
nl
y 
di
ss
se
m
in
at
ed
 p
yr
ite
, f
ra
gm
en
t o
f b
as
em
en
t m
us
c 
an
d 
ba
se
m
en
t c
la
st
C
8-
00
18
/4
05
hy
dr
ot
he
rm
al
 in
je
ct
io
n 
br
ec
ci
a,
 u
nm
in
er
al
iz
ed
 o
nl
y 
di
ss
se
m
in
at
ed
 p
yr
ite
, f
ra
gm
en
t o
f b
as
em
en
t m
us
c 
an
d 
ba
se
m
en
t c
la
st
C
9-
00
18
/4
05
hy
dr
ot
he
rm
al
 in
je
ct
io
n 
br
ec
ci
a,
 u
nm
in
er
al
iz
ed
 o
nl
y 
di
ss
se
m
in
at
ed
 p
yr
ite
, f
ra
gm
en
t o
f b
as
em
en
t m
us
c 
an
d 
ba
se
m
en
t c
la
st
C
10
-0
0
18
/4
05
H
os
t r
oc
k 
of
 th
e 
hy
dr
ot
he
rm
al
 in
je
ct
io
n 
br
ec
ci
a,
 a
lte
re
d 
an
de
si
te
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
11
-0
0
18
/4
05
A
lte
re
d 
ph
re
at
om
ag
m
at
ic
 b
re
cc
ia
, f
in
e 
gr
ai
ne
d 
m
at
rix
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
12
-0
0
18
/4
05
A
lte
re
d 
ph
re
at
om
ag
m
at
ic
 b
re
cc
ia
, a
nd
es
iti
c 
cl
as
t, 
di
ss
em
in
at
ed
 p
yr
ite
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
33
-0
0
18
/4
05
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
C
34
-0
0
18
/4
05
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n,
 fa
ul
te
d 
zo
ne
*
qt
z
C
35
-0
0
18
/4
05
un
de
te
rm
in
ed
 h
yd
ro
th
er
m
al
 b
re
cc
ia
 w
ith
 a
nd
es
iti
c 
cl
as
ts
C
36
-0
0
18
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d
C
37
-0
0
18
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d
C
38
-0
0
18
/4
05
Fu
id
iz
ed
 a
lte
re
d 
hy
dr
ot
he
rm
al
 b
re
cc
ia
, s
ev
er
al
 g
en
er
at
io
n 
of
 b
re
cc
ia
C
39
-0
0
18
/4
05
C
ha
lc
ed
on
y 
ve
in
C
40
-0
0
18
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d
C
59
-0
0
18
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 w
ith
 a
pp
ro
xi
m
at
el
y 
30
%
 o
f p
yr
ite
C
60
-0
0
18
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 w
ith
 e
na
rg
ite
-te
nn
an
tit
e 
ve
in
s
C
61
-0
0
18
/4
05
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 w
ith
 e
na
rg
ite
-te
nn
an
tit
e 
ve
in
s
C
62
-0
0
18
/4
05
S
ec
on
da
ry
 p
ol
ym
ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, w
ith
 m
in
er
al
iz
ed
 c
la
st
s 
an
d 
ve
in
s,
 d
is
se
m
in
at
ed
 p
yr
ite
 a
nd
 s
tro
ng
ly
 s
ili
ci
fie
d
C
63
-0
0
18
/4
05
hy
dr
ot
he
rm
al
 in
je
ct
io
n 
br
ec
ci
a,
 d
is
ss
em
in
at
ed
 p
yr
ite
, v
ei
ns
C
64
-0
0
18
/4
05
P
hr
ea
to
m
ag
m
at
ic
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
65
-0
0
18
/4
05
P
hr
ea
to
m
ag
m
at
ic
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
66
-0
0
18
/4
05
P
hr
ea
to
m
ag
m
at
ic
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 o
ve
rp
rin
t b
y 
se
co
nd
ar
y 
po
ly
m
ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, w
ith
 e
na
rg
ite
-te
nn
an
tit
e 
ve
in
C
13
-0
1
18
/4
05
V
ug
gy
 s
ili
ca
 w
ith
 s
tro
ng
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
as
so
ci
at
ed
 w
ith
 c
la
y 
m
in
er
al
s
C
14
-0
1
18
/3
90
A
lte
re
d 
an
de
si
te
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
15
-0
1
18
/3
95
V
ug
gy
 s
ili
ca
 w
ith
 s
tro
ng
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
as
so
ci
at
ed
 w
ith
 c
la
y 
m
in
er
al
s
C
16
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n,
 U
/P
b 
da
tin
g
*
*
*
C
17
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
al
te
ra
tio
n
C
19
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
al
te
ra
tio
n
**
Appendix C:
List of samples on surface and underground.
A-162
n°
lo
ca
tio
n
de
sc
ri
pt
io
n
 thin section
 whole rock analyses
��
18O 
��
D
��
18O whole rock
C
21
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n,
 d
is
se
m
in
at
ed
 p
yr
ite
C
22
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
C
23
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
*
C
24
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n
C
26
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n,
 s
tro
ng
ly
 fa
ul
te
d 
an
d 
de
fo
rm
ed
, N
50
-o
rie
nt
ed
C
27
-0
1
18
/3
95
un
de
te
rm
in
ed
 h
yd
ro
th
er
m
al
 b
re
cc
ia
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 w
ith
 v
ug
gy
 s
ili
ca
 in
 s
om
e 
pa
rt 
fil
le
d 
w
ith
 c
la
y 
m
in
er
al
s 
an
d 
m
in
er
al
iz
at
io
n 
C
28
-0
1
18
/3
95
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
br
ec
ci
a,
 fl
ui
di
ze
d 
pa
rt,
 s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
w
ith
 P
y-
E
n-
B
a 
ve
in
C
29
-0
1
18
/3
95
vu
gg
y 
si
lic
a
C
44
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
w
ith
 d
is
se
m
in
at
ed
 p
yr
ite
, v
ei
n 
of
 e
na
rg
ite
, c
ha
lc
op
yr
ite
, b
or
ni
te
, p
yr
ite
C
45
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
w
ith
 d
is
se
m
in
at
ed
 p
yr
ite
C
47
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
w
ith
 d
is
se
m
in
at
ed
 p
yr
ite
C
77
-0
1
18
/3
95
vu
gg
y 
si
lic
a 
an
d 
ad
va
nc
ed
 a
rg
ill
ic
 a
lte
ra
tio
n 
zo
ne
   
C
78
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
w
ith
 d
is
se
m
in
at
ed
 p
yr
ite
C
79
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
w
ith
 d
is
se
m
in
at
ed
 p
yr
ite
C
80
-0
1
18
/3
95
A
lte
re
d 
an
de
si
te
, q
tz
-s
er
 a
lte
ra
tio
n 
zo
ne
 w
ith
 d
is
se
m
in
at
ed
 p
yr
ite
C
4-
01
10
3/
40
5
U
nd
et
er
m
in
ed
 h
yd
ro
th
er
m
al
 b
re
cc
ia
 w
ith
 d
is
se
m
in
at
ed
 p
yr
ite
C
57
-0
1
10
3/
42
5
M
in
er
al
iz
ed
 b
re
cc
ia
 a
ss
oc
ia
te
d 
w
ith
 th
e 
st
ag
e 
II 
of
 th
e 
m
in
er
al
iz
at
io
n 
pa
ra
ge
ne
si
s
C
58
-0
1
10
3/
42
5
M
in
er
al
iz
ed
 b
re
cc
ia
 a
ss
oc
ia
te
d 
w
ith
 th
e 
st
ag
e 
II 
of
 th
e 
m
in
er
al
iz
at
io
n 
pa
ra
ge
ne
si
s
C
4-
00
 1
51
 W
es
t d
ec
lin
e
V
ol
ca
ni
c 
tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 c
hi
ef
ly
 re
pl
ac
ed
 b
y 
~4
0%
 m
as
si
ve
 p
yr
ite
*
C
13
-0
0
 1
51
 W
es
t d
ec
lin
e
V
ol
ca
ni
c 
tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 m
as
si
ve
 s
ul
fid
e 
zo
ne
, s
tro
ng
ly
 fa
ul
te
d
C
14
-0
0
 1
51
 W
es
t d
ec
lin
e
V
ol
ca
ni
c 
tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 c
hi
ef
ly
 re
pl
ac
ed
 b
y 
~4
0%
 m
as
si
ve
 p
yr
ite
di
ck
di
ck
C
15
-0
0
 1
51
 W
es
t d
ec
lin
e
V
ol
ca
ni
c 
tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 c
hi
ef
ly
 re
pl
ac
ed
 b
y 
~4
0%
 o
f p
er
va
si
ve
 p
yr
ite
*
C
15
*-
00
 1
51
 W
es
t d
ec
lin
e
A
lte
re
d 
se
di
m
en
ta
ry
 ro
ck
, p
ro
ba
bl
y 
sa
nd
st
on
e,
 q
tz
-s
er
 a
lte
ra
tio
n 
zo
ne
*
*
qt
z
C
16
-0
0
 1
51
 W
es
t d
ec
lin
e
A
lte
re
d 
ph
re
at
om
ag
m
at
ic
 b
re
cc
ia
, a
nd
es
iti
c 
cl
as
t, 
qt
z-
se
r a
lte
ra
tio
n 
zo
ne
C
17
-0
0
 1
51
 W
es
t d
ec
lin
e
A
lte
re
d 
ph
re
at
om
ag
m
at
ic
 b
re
cc
ia
, v
ol
ca
ni
c 
tu
ff 
cl
as
t, 
qt
z-
se
r a
lte
ra
tio
n 
zo
ne
C
18
-0
0
 1
51
 W
es
t d
ec
lin
e
A
lte
re
d 
ph
re
at
om
ag
m
at
ic
 b
re
cc
ia
, a
nd
es
iti
c 
cl
as
t, 
qt
z-
se
r a
lte
ra
tio
n 
zo
ne
*
qt
z
C
19
-0
0
 1
51
 W
es
t d
ec
lin
e
A
lte
re
d 
ph
re
at
om
ag
m
at
ic
 b
re
cc
ia
, a
nd
es
iti
c 
cl
as
t, 
qt
z-
se
r a
lte
ra
tio
n 
zo
ne
C
20
-0
0
 1
51
 W
es
t d
ec
lin
e
A
lte
re
d 
se
di
m
en
ta
ry
 ro
ck
, p
ro
ba
bl
y 
sa
nd
st
on
e,
 q
tz
-s
er
 a
lte
ra
tio
n 
zo
ne
C
21
-0
0
 1
51
 W
es
t d
ec
lin
e
A
lte
re
d 
se
di
m
en
ta
ry
 ro
ck
, p
ro
ba
bl
y 
sa
nd
st
on
e,
 q
tz
-s
er
 a
lte
ra
tio
n 
zo
ne
*
*
qt
z
C
22
-0
0
 1
51
 W
es
t d
ec
lin
e
V
ol
ca
ni
c 
tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 c
hi
ef
ly
 re
pl
ac
ed
 b
y 
~4
0%
 m
as
si
ve
 p
yr
ite
C
23
-0
0
15
1/
40
0
A
lte
re
d 
se
di
m
en
ta
ry
 ro
ck
, p
ro
ba
bl
y 
sa
nd
st
on
e,
 a
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d 
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c 
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n 
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, d
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se
m
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ed
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yr
ite
*
*
C
24
-0
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1/
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0
A
lte
re
d 
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di
m
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, p
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c 
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n 
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, d
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se
m
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0
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d 
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m
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C
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A-163
n°
lo
ca
tio
n
de
sc
ri
pt
io
n
 thin section
 whole rock analyses
��
18O 
��
D
��
18O whole rock
C
30
-0
0
15
1/
40
0
A
lte
re
d 
an
de
si
te
, a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n 
zo
ne
, d
is
se
m
in
at
ed
 p
yr
ite
*
C
31
-0
0
15
1/
40
0
V
ol
ca
ni
c 
tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 c
hi
ef
ly
 re
pl
ac
ed
 b
y 
~4
0%
 m
as
si
ve
 p
yr
ite
, w
ith
 s
ph
al
er
ite
C
32
-0
0
15
1/
40
0
V
ol
ca
ni
c 
tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 c
hi
ef
ly
 re
pl
ac
ed
 b
y 
~4
0%
 m
as
si
ve
 p
yr
ite
, w
ith
 s
ph
al
er
ite
*
C
5-
01
15
1/
40
0
S
ec
on
da
ry
 m
in
er
al
iz
ed
 b
re
cc
ia
C
7-
01
15
1/
40
0
M
as
si
ve
 s
ul
fid
e 
zo
ne
, e
ss
en
tie
lly
 p
yr
ite
, r
ep
la
ce
d 
vo
lc
an
ic
 tu
ff
C
8-
01
15
1/
40
0
A
lte
re
d 
vo
lc
an
ic
 tu
ff,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 c
ha
lc
ed
on
y 
ve
in
C
9-
01
15
1/
40
0
R
ep
la
ce
d 
vo
lc
an
ic
 tu
ff 
w
ith
 a
cc
re
tio
na
ry
 la
pi
lli
 b
y 
m
as
si
ve
 s
ul
fid
e 
es
se
nt
ia
lly
 p
yr
ite
C
10
-0
1
15
1/
40
0
R
ep
la
ce
d 
vo
lc
an
ic
 tu
ff 
w
ith
 a
cc
re
tio
na
ry
 la
pi
lli
 b
y 
m
as
si
ve
 s
ul
fid
e 
es
se
nt
ia
lly
 p
yr
ite
, b
ar
ite
 c
ris
ta
lli
sa
tio
n 
w
ith
in
 o
pe
n-
sp
ac
es
C
11
-0
1
15
1/
40
0
S
ec
on
da
ry
 m
in
er
al
iz
ed
 b
re
cc
ia
C
12
-0
1
15
1/
40
0
S
ec
on
da
ry
 p
ol
ym
ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
C
33
-0
1
15
1/
40
0
vu
gg
y 
si
lic
a 
de
ve
lo
pp
ed
 a
ro
un
d 
a 
ve
in
 o
f t
he
 s
ta
ge
 II
 o
f t
he
 C
he
lo
pe
ch
 p
ar
ag
en
es
is
C
34
-0
1
15
1/
40
0
S
ec
on
da
ry
 m
in
er
al
iz
ed
 b
re
cc
ia
C
35
-0
1
15
1/
40
0
S
ec
on
da
ry
 m
in
er
al
iz
ed
 b
re
cc
ia
C
36
-0
1
15
1/
40
5
gi
an
t c
ry
st
al
s 
of
 e
na
rg
ite
 in
 th
e 
m
as
si
ve
 s
ul
fid
e 
zo
ne
C
37
-0
1
15
1/
40
0
R
ep
la
ce
d 
vo
lc
an
ic
 tu
ff 
w
ith
 a
cc
re
tio
na
ry
 la
pi
lli
 b
y 
m
as
si
ve
 s
ul
fid
e 
es
se
nt
ia
lly
 p
yr
ite
*
C
38
-0
1
15
1/
40
0
H
yd
ro
th
er
m
al
 in
je
ct
io
n 
or
 s
ec
on
da
ry
 b
re
cc
ia
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
*
C
59
-0
1
15
1/
40
0
A
lte
re
d 
an
de
si
te
, p
ro
ba
bl
y 
a 
cl
as
t, 
ad
va
nc
ed
 a
rg
ill
ic
 a
lte
ra
tio
n 
zo
ne
, d
is
se
m
in
at
ed
 p
yr
ite
C
60
-0
1
15
1/
40
0
A
lte
re
d 
an
de
si
te
, p
ro
ba
bl
y 
a 
cl
as
t, 
ad
va
nc
ed
 a
rg
ill
ic
 a
lte
ra
tio
n 
zo
ne
, d
is
se
m
in
at
ed
 p
yr
ite
C
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th
er
m
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je
ct
io
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on
da
ry
 b
re
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, s
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fie
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dv
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ce
d 
ar
gi
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c 
al
te
ra
tio
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te
d 
zo
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C
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1/
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V
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ca
ni
c 
tu
ff,
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ce
d 
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gi
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tio
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, d
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se
m
in
at
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 p
yr
ite
C
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0
S
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ol
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ic
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th
er
m
al
 b
re
cc
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 w
ith
 m
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 p
yr
ite
 c
la
st
 ro
un
de
d 
by
 e
na
rg
ite
-lu
zo
ni
te
 m
in
er
al
iz
at
io
n,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
64
-0
1
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1/
40
0
S
ec
on
da
ry
 p
ol
ym
ic
tic
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yd
ro
th
er
m
al
 b
re
cc
ia
 w
ith
 m
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ve
 p
yr
ite
 c
la
st
 ro
un
de
d 
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 e
na
rg
ite
-lu
zo
ni
te
 m
in
er
al
iz
at
io
n,
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dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n
C
65
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1/
40
0
S
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da
ry
 p
ol
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ic
tic
 h
yd
ro
th
er
m
al
 b
re
cc
ia
 w
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 m
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yr
ite
 c
la
st
 ro
un
de
d 
by
 e
na
rg
ite
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ni
te
 m
in
er
al
iz
at
io
n,
 a
dv
an
ce
d 
ar
gi
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al
te
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tio
n
C
66
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ff,
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d 
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gi
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m
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ed
 p
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ite
C
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H
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er
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n 
or
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 b
re
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, s
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ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 fl
ui
di
ze
d 
zo
ne
C
1-
00
19
/4
25
A
lte
re
d 
an
de
si
te
, s
tro
ng
ly
 s
ili
ci
fie
d,
 a
dv
an
ce
d 
ar
gi
lli
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al
te
ra
tio
n
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ck
di
ck
C
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lte
re
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an
de
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fie
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 a
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d 
ar
gi
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te
ra
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lte
re
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an
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fie
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gi
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al
te
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 d
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 p
yr
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 s
ili
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fie
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dv
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gi
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al
te
ra
tio
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tro
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 d
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m
in
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 p
yr
ite
C
71
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lte
re
d 
an
de
si
te
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tro
ng
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fie
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gi
lli
c 
al
te
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 d
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m
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 b
ar
ite
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fie
d,
 a
dv
an
ce
d 
ar
gi
lli
c 
al
te
ra
tio
n,
 d
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 d
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 d
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C
75
-0
0
19
/4
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U
nd
et
er
m
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ed
 b
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dv
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d 
ar
gi
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c 
al
te
ra
tio
n
C
76
-0
0
19
/4
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U
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et
er
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in
ed
 b
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cc
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dv
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d 
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gi
lli
c 
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te
ra
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nd
es
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c 
cl
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t
di
ck
di
ck
Appendix C:
List of samples on surface and underground.
A-164
n°
lo
ca
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D
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m
in
ed
 b
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ra
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C
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1
19
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A
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de
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ra
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C
4-
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/4
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M
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si
ve
 b
ar
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w
ith
 e
na
rg
ite
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ith
 s
ec
on
da
ry
 c
ha
lc
op
yr
ite
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ei
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C
82
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1
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5
V
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ca
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c 
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ff,
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dv
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m
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ed
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yr
ite
C
83
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ne
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A-165
n°
dr
ill
co
re
m
et
er
s
bl
oc
k/
le
ve
l
de
sc
ri
pt
io
n
 thin section
 alteration
 breccia type identified
99
.2
18
7.
50
10
3/
40
5
D
is
se
m
in
at
ed
 m
in
er
al
iz
at
io
n 
zo
ne
 w
ith
 e
n-
py
 w
hi
ch
 p
ro
vo
ke
s 
a 
sl
ig
ht
 b
re
cc
ia
tio
n 
of
 th
e 
ro
ck
A
A
A
17
.9
0
V
ol
ca
ni
c 
tu
ff
A
A
A
18
.8
0
se
d i
m
en
ta
ry
 ro
ck
, A
lte
re
d 
Tu
ro
ni
an
 s
an
ds
to
ne
?
*
A
A
A
26
.9
0
U
nc
on
so
lid
at
ed
 b
re
cc
ia
, 
qt
z-
se
r
99
.2
16
1.
00
10
3/
40
5
ch
al
ce
do
ny
 v
ei
n 
in
 ro
ck
 fl
ou
r  
br
ec
ci
a 
ro
ck
, p
ro
ba
bl
y 
a 
pr
ev
io
us
 fl
ui
di
ze
d 
hy
dr
ot
he
rm
al
 in
je
ct
io
n 
br
ec
ci
a,
 o
ve
rp
rin
t b
y 
py
, c
py
, ~
en
 v
ei
n
A
A
A
H
IB
4.
60
an
de
si
te
 o
ve
rp
rin
t b
y 
di
ss
em
ni
at
ed
 p
y 
an
d 
en
 
A
A
A
7.
50
st
ro
ng
ly
 a
lte
re
d 
an
d 
si
lic
ifi
ed
 a
nd
es
ite
, o
nl
y 
qt
z-
cl
ay
 m
in
er
al
s 
an
d 
ra
re
 A
P
S
*
A
A
A
7.
70
br
ec
ci
a 
w
ith
 m
as
si
ve
 p
y 
cl
as
ts
 (1
-3
cm
), 
cl
as
t s
up
po
rte
d 
(4
0%
 c
la
st
s)
 a
nd
 a
lte
re
d 
an
de
si
te
 c
la
st
, o
ve
rp
rin
t b
y 
py
-e
n 
ve
in
s
A
A
A
S
P
IB
15
.8
0
br
ec
ci
a 
 c
la
st
 s
up
po
rte
d 
(6
0%
 c
la
st
s)
 (0
.5
-5
cm
), 
 a
nd
 a
lte
re
d 
an
de
si
te
 c
la
st
, d
is
s 
en
 a
nd
 p
y
*
A
A
A
H
IB
19
.7
0
al
te
re
d 
an
de
si
te
, d
is
s 
py
A
A
A
20
.5
0
al
te
re
d 
an
de
si
te
, d
is
s 
py
A
A
A
23
.0
0
br
ec
ci
a 
w
ith
 m
as
si
ve
 p
yr
ite
 a
nd
 m
ag
m
at
ic
 ro
ck
 c
la
st
s
A
A
A
S
P
IB
24
.0
0
br
ec
ci
a 
w
ith
 m
as
si
ve
 p
yr
ite
 a
nd
 m
ag
m
at
ic
 ro
ck
 c
la
st
s
*
A
A
A
S
P
IB
29
.8
0
br
ec
ci
a 
w
ith
 m
as
si
ve
 p
yr
ite
 a
nd
 m
ag
m
at
ic
 ro
ck
 c
la
st
s,
 o
ve
rp
rin
t b
y 
py
, c
py
, e
n,
 tn
 v
ei
ns
A
A
A
S
P
IB
32
.5
0
un
de
te
rm
in
ed
 h
os
t r
oc
k 
st
ro
ng
ly
 a
lte
re
d,
 m
ay
be
 a
n 
al
te
re
d 
se
di
m
en
ta
ry
 ro
ck
, r
oc
k 
flo
ur
, v
ei
ns
 o
f p
y 
an
d 
ec
on
om
ic
 m
in
er
al
iz
at
io
n
A
A
A
35
.2
0
flu
id
iz
ed
 b
re
cc
ia
, w
ith
 m
ag
m
at
ic
 ro
ck
 c
la
st
, d
is
s 
py
 (1
5%
), 
A
P
S
*
A
A
A
38
.8
0
al
te
re
d 
an
de
si
te
, d
is
s 
py
 a
nd
 e
n 
(4
0%
)
A
A
A
47
.7
0
flu
id
iz
ed
 b
re
cc
ia
 o
r u
nd
et
er
m
in
ed
 ro
ck
 w
hi
ch
 is
 o
ve
rp
rin
te
d 
by
 v
ei
ns
 o
f t
he
 e
co
no
m
ic
 s
ta
ge
, d
is
s 
py
 (2
0%
)
A
A
A
49
.1
0
un
de
te
rm
in
ed
 ro
ck
, o
r i
nt
en
si
ve
ly
 fl
ui
di
ze
d 
br
ec
ci
a,
 w
ith
 la
m
in
ai
re
 te
xt
ur
e,
 v
ug
gy
 s
ili
ca
, o
ve
rp
in
te
d 
by
 v
ei
ns
 o
f t
he
 e
co
no
m
ic
 s
ta
ge
, d
is
s 
py
 (1
0%
)
*
A
A
A
54
.8
0
ty
pi
ca
l S
P
H
B
 w
ith
 m
as
si
ve
 p
yr
ite
 a
nd
 a
lte
re
d 
an
de
si
tic
 c
la
st
s,
 m
at
rix
 s
up
po
rte
d 
ov
er
pr
in
te
d 
by
 v
ei
ns
 o
f t
he
 e
co
no
m
ic
 s
ta
ge
, d
is
s 
py
 (2
0%
) A
P
S
**
A
A
A
S
P
H
B
69
.2
0
ty
pi
ca
l S
P
H
B
 w
ith
 m
as
si
ve
 p
yr
ite
 a
nd
 a
lte
re
d 
an
de
si
tic
 c
la
st
s,
 m
at
rix
 s
up
po
rte
d 
ov
er
pr
in
te
d 
by
 v
ei
ns
 o
f t
he
 e
co
no
m
ic
 s
ta
ge
, d
is
s 
py
 e
n 
(2
0%
) 
A
A
A
S
P
H
B
72
.9
0
un
de
te
rm
in
ed
 ro
ck
, o
r i
nt
en
si
ve
ly
 fl
ui
di
ze
d 
br
ec
ci
a,
 w
ith
 la
m
in
ai
re
 te
xt
ur
e,
 o
ve
rp
in
te
d 
by
 v
ei
ns
 o
f t
he
 e
co
no
m
ic
 s
ta
ge
, d
is
s 
py
 (1
0%
), 
A
P
S
*
A
A
A
80
.0
0
al
te
re
d 
m
as
si
ve
 a
nd
es
ite
, g
ho
st
 o
f p
re
ex
is
tin
g 
ph
en
oc
ry
ts
 u
nd
er
lin
ed
 b
y 
an
at
as
e,
 d
is
s 
py
 (2
0%
), 
A
P
S
*
A
A
A
92
.1
0
al
te
re
d 
m
as
si
ve
 a
nd
es
ite
, g
ho
st
 o
f p
re
ex
is
tin
g 
ph
en
oc
ry
ts
 u
nd
er
lin
ed
 b
y 
an
at
as
e,
 a
nd
 c
la
y 
m
in
er
al
s,
 d
is
s 
en
 a
nd
  p
y 
(4
0%
), 
A
P
S
*
A
A
A
98
.8
0
te
ct
on
ic
 b
re
cc
ia
 w
ith
 m
ag
m
at
ic
 c
la
st
, d
is
s 
py
, A
P
S
,
*
qt
z-
se
r
99
.2
04
5.
00
18
/4
26
A
lte
re
d 
br
ec
ci
a,
 c
la
st
-s
up
po
rte
d 
(7
0%
), 
m
ag
m
at
ic
 a
nd
es
iti
c 
ro
ck
 c
la
st
s,
 c
la
st
 s
iz
e 
fro
m
 1
 to
 5
cm
, c
la
st
s 
m
ay
 h
av
e 
di
ffe
re
nt
 a
lte
ra
tio
n 
ty
pe
?,
 s
ili
ci
fie
d,
 A
P
S
, 
*
A
A
A
P
B
/H
IB
6.
00
   
   
   
   
   
   
   
 g
ho
st
 o
f p
he
no
cr
ys
t u
nd
er
lin
e 
by
 p
y 
an
d 
an
a;
   
  i
de
m
*
A
A
A
P
B
/H
IB
8.
10
id
em
**
A
A
A
P
B
/H
IB
12
.1
0
br
ec
ci
a 
w
ith
 ro
un
de
d 
cl
as
t (
40
%
), 
cl
as
t s
up
po
rte
d,
 fi
ne
 v
ei
n 
of
 e
n 
an
d 
py
, c
la
st
 s
iz
e 
fro
m
 1
 to
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HIB, hydrothermal injection breccia, SPHB: secondary polymictic hydrothermal breccia, SMB: secondary mineralized breccia)
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Appendix E:
Whole rock geochemical analyses (underground and surface).
A-169
an
al
ys
es
 s
ur
fa
ce
%
V
1-
00
V
7-
00
V
12
-0
0
V
10
-0
0
V
14
-0
0
V
16
-0
0
V
27
-0
0
V
33
-0
0
V
28
-0
0
V
31
-0
0
V
42
-0
0
V
62
-0
1
V
39
-0
0
V
34
-0
0
V
35
-0
0
V
59
-0
1
V
60
-0
1
V
10
8-
02
V
10
5-
02
V
10
7-
02
V
G
1.
1-
00
V
G
1.
2-
00
C
a1
-0
0
C
a6
-0
1
V
oz
do
l b
re
cc
ia
 c
la
st
s
A
lte
re
d 
an
de
si
te
 u
pp
er
 m
in
e
P
et
ro
vd
en
 a
re
a,
 d
ac
ite
C
hu
go
vi
st
a 
br
ec
ci
a
V
ej
en
 g
ra
ni
te
C
ha
rlo
de
re
 a
nd
es
ite
S
iO
2
59
.8
3
62
.9
9
66
.8
0
59
.8
9
62
.8
2
58
.2
1
56
.9
4
70
.2
9
60
.7
0
58
.8
2
62
.9
6
60
.9
0
71
.5
2
63
.7
1
57
.4
6
63
.7
2
69
.3
3
68
.9
2
52
.1
8
62
.0
9
65
.5
6
64
.8
9
64
.8
8
73
.0
9
T
iO
2
0.
55
0.
57
0.
45
0.
61
0.
53
0.
62
0.
49
0.
59
0.
40
0.
58
0.
55
0.
59
0.
55
0.
39
0.
58
0.
49
0.
50
0.
55
0.
67
0.
62
0.
57
0.
54
0.
43
0.
60
A
l2
O
3
18
.9
1
17
.6
0
15
.8
3
17
.8
8
17
.7
6
20
.3
9
17
.4
9
17
.1
3
14
.4
6
18
.9
4
18
.5
1
18
.4
5
18
.4
2
14
.0
2
18
.3
3
17
.8
0
16
.2
5
15
.6
6
21
.1
2
17
.6
2
15
.7
2
15
.0
3
20
.4
8
18
.2
2
Fe
2O
3
4.
40
4.
49
3.
86
5.
37
4.
43
5.
10
4.
89
0.
90
3.
08
6.
18
5.
45
5.
29
0.
82
4.
23
3.
64
3.
45
3.
98
4.
27
6.
62
4.
94
4.
70
4.
25
2.
77
0.
28
M
nO
0.
07
0.
09
0.
09
0.
12
0.
09
0.
08
0.
12
0.
00
0.
13
0.
17
0.
02
0.
10
0.
00
0.
77
0.
08
0.
02
0.
02
0.
12
0.
08
0.
11
0.
10
0.
00
M
gO
1.
20
1.
46
1.
14
1.
77
0.
87
1.
10
1.
84
0.
27
1.
15
0.
68
1.
93
0.
44
0.
67
0.
57
0.
72
2.
35
0.
75
0.
72
2.
89
1.
05
2.
38
1.
78
0.
01
C
aO
4.
40
3.
00
4.
77
3.
64
3.
02
4.
89
3.
35
0.
16
5.
90
3.
76
0.
14
2.
72
0.
04
5.
13
1.
38
0.
20
0.
04
0.
03
6.
48
3.
88
1.
86
3.
34
0.
02
0.
10
N
a2
O
6.
27
5.
84
3.
81
4.
72
3.
84
3.
71
5.
13
0.
21
4.
06
2.
92
0.
29
4.
08
0.
23
2.
07
2.
53
2.
49
0.
16
0.
10
3.
50
4.
31
3.
29
3.
11
0.
08
K
2O
2.
01
2.
07
2.
11
3.
63
3.
22
2.
93
5.
19
7.
26
4.
53
4.
98
3.
64
5.
40
4.
92
3.
56
2.
89
3.
55
4.
61
4.
59
2.
99
2.
68
3.
43
3.
11
0.
03
0.
03
P
2O
5
0.
24
0.
25
0.
21
0.
26
0.
23
0.
25
0.
21
0.
02
0.
18
0.
31
0.
22
0.
26
0.
03
0.
19
0.
08
0.
18
0.
01
0.
04
0.
31
0.
25
0.
14
0.
15
0.
20
0.
29
LO
I
1.
66
1.
22
1.
38
0.
68
2.
50
2.
29
3.
60
2.
71
4.
74
2.
35
5.
93
2.
10
2.
53
4.
64
5.
85
4.
69
5.
24
3.
02
2.
60
1.
92
3.
26
7.
31
S
um
99
.5
4
99
.5
8
10
0.
45
98
.5
7
99
.3
1
99
.5
7
99
.2
5
99
.5
4
99
.3
3
99
.6
9
99
.6
4
10
0.
33
99
.7
3
99
.2
8
87
.6
1
10
0.
16
10
0.
34
10
0.
14
99
.9
0
10
0.
12
99
.6
8
99
.5
6
88
.7
9
10
0.
01
pp
m
V
1-
00
V
7-
00
V
12
-0
0
V
10
-0
0
V
14
-0
0
V
16
-0
0
V
27
-0
0
V
33
-0
0
V
28
-0
0
V
31
-0
0
V
42
-0
0
V
62
-0
1
V
39
-0
0
V
34
-0
0
V
35
-0
0
V
59
-0
1
V
60
-0
1
V
10
8-
02
V
10
5-
02
V
10
7-
02
V
G
1-
00
V
G
2-
00
C
a1
-0
0
C
a6
-0
1
N
b
8
8
8
8
8
8
7
7
6
<1
<
6
8
6
8
8
8
8
9.
00
9.
00
8.
00
11
13
3
1
Zr
10
1
89
11
4
10
7
13
5
15
3
12
8
15
5
11
0
10
6
15
2
13
0
20
5
96
10
5
13
5
16
4
16
9.
00
16
9.
00
14
6.
00
12
7
14
0
9
36
Y
26
22
23
21
19
25
20
8
20
<1
<
32
20
23
28
8
17
25
21
.0
0
24
.0
0
23
.0
0
21
21
5
13
S
r
90
6
94
8
10
46
85
2
55
6
92
9
52
9
37
53
5
25
1
71
67
6
33
51
0
76
2
13
1
23
10
.0
0
11
15
.0
0
96
9.
00
30
2
25
9
2
3
2
7
14
48
U
<2
<
<2
<
<2
<
2
2
<2
<
4
5
2
<2
<
2
<2
<
5
3
<2
<
<2
<
3
2.
00
1.
10
1.
50
5
6
<2
<
<2
<
R
b
34
38
82
47
86
75
10
4
30
7
74
93
17
4
24
1
23
8
10
8
68
14
4
21
6
18
6.
00
99
.0
0
49
.0
0
13
2
13
5
<1
<
2
T
h
3
6
7
6
9
7
10
8
10
4
10
9
9
8
5
10
7
8.
20
11
.4
0
8.
50
21
16
<2
<
12
G
a
15
17
20
16
20
24
18
18
12
10
27
19
25
15
21
21
22
21
.0
0
26
.0
0
19
.0
0
19
17
20
59
N
i
2
<2
<
3
3
3
5
3
3
<2
<
<2
<
3
3
<2
<
<2
<
<2
<
<2
<
<2
<
11
6
<2
<
<2
<
C
o
54
34
27
74
26
30
43
23
29
84
25
24
10
31
12
14
18
42
.0
0
32
.0
0
39
.0
0
55
52
24
20
C
r
17
13
15
13
21
15
12
13
13
13
12
10
12
11
13
15
9
47
18
13
13
V
13
3
14
2
15
9
98
12
6
15
1
10
6
13
1
74
15
2
13
3
14
9
12
3
90
11
5
12
6
10
0
84
.0
0
15
7.
00
12
6.
00
90
87
14
5
17
8
C
e
54
54
48
42
74
61
82
45
59
65
90
78
10
3
47
51
64
77
56
45
17
10
3
B
a
58
3
80
8
91
2
74
8
63
0
63
4
98
2
31
7
16
34
23
4
34
1
81
7
47
3
99
5
3
9
4
4
48
3
62
1
50
9.
00
53
9.
00
84
1.
00
65
5
71
6
2
2
5
4
88
7
H
f
5
6
5
7
6
8
9
7
4
8
6
7
7
6
7
6
6
4.
00
4.
20
3.
60
7
7
7
7
S
c
11
10
9
12
9
10
7
3
13
8
12
9
8
12
7
7
3
7.
00
12
.0
0
10
.0
0
11
10
8
12
A
s
11
12
17
10
8
5
6
12
5
14
10
7.
2
6
55
99
3
3.
3
4.
90
2.
20
9.
40
6
6
49
15
2
A
g
0
0
0
0.
20
0.
00
0.
00
3.
19
P
b
10
16
17
31
26
24
12
7
27
<2
<
11
12
.1
4
52
28
1
82
.8
32
.8
77
.2
0
27
.3
0
12
.8
0
45
33
10
1
1
2
4
8
A
u 
pp
b
0
3.
4
37
.6
19
.0
0
14
.8
0
0.
00
5
0
4
Zn
45
57
69
48
56
67
66
20
46
40
58
62
.7
14
18
6
10
0
19
9
32
.4
31
.0
0
27
.2
0
27
.2
0
86
61
15
17
.1
C
u
10
26
19
25
78
50
14
6
39
8
24
4
17
.6
10
14
2
16
31
.2
10
.2
12
.2
0
89
.9
0
10
.0
0
19
8
15
5
14
.6
S
%
56
92
11
71
23
11
<3
<
85
12
59
90
9
14
1
H
N
0.
00
6
12
9
12
17
5
H
N
2.
95
3.
82
4.
21
0.
00
5
0.
00
4
<3
<
<3
<
H
N
0.
12
6
La
28
.8
26
.6
24
25
28
.4
32
.3
22
.3
14
20
.9
26
.8
45
.2
0
24
25
.6
22
.9
28
.1
0
43
.1
0
40
.4
0
28
.3
0
33
.7
0
25
.9
26
.4
19
.1
52
.9
0
C
e
58
.5
55
.4
51
.9
51
58
.3
66
.4
48
.6
32
.1
45
.1
58
.9
82
.9
0
53
.7
52
.9
50
.3
53
.3
0
80
.2
0
77
.0
0
61
.0
0
63
.8
0
53
.3
52
.8
40
10
7.
00
P
r
6.
4
6.
2
5.
9
6
6.
4
7.
6
5.
7
3.
4
5
6.
9
8.
78
6.
6
6.
8
5.
7
5.
36
8.
20
8.
46
7.
19
7.
24
6.
8
6.
1
4.
3
11
.7
0
N
d
26
.1
24
.6
26
24
.5
23
.5
33
.7
22
.8
11
.7
22
.1
27
.7
33
.5
0
25
.6
28
.7
25
.8
19
.6
0
30
.1
0
30
.9
0
29
.7
0
28
.8
0
32
24
.6
16
.2
46
.2
0
S
m
6.
8
6
6.
1
5.
7
5.
6
6
5.
3
2.
8
4.
2
5.
3
6.
10
5.
6
5.
9
2.
1
3.
40
5.
10
5.
30
6.
00
5.
50
5.
2
4.
7
2
8.
40
E
u
1.
5
1.
43
1.
44
1.
3
1.
27
1.
55
1.
25
0.
64
1.
2
1.
45
1.
69
1.
6
1.
55
0.
58
0.
99
1.
29
1.
14
1.
70
1.
60
1.
11
1.
1
0.
35
2.
00
G
d
4.
4
4.
1
3.
9
3.
8
3.
4
4.
3
3.
1
1.
7
3.
1
3.
4
4.
80
3.
7
4.
4
0.
9
2.
70
4.
10
4.
30
5.
20
4.
90
3.
3
3.
4
0.
7
5.
80
T
b
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
n.
d.
0.
6
n.
d.
n.
d.
n.
d.
0.
3
0.
5
0.
6
0.
7
0.
7
n.
d.
n.
d.
n.
d.
0.
5
D
y
4
3.
9
4.
1
4.
1
3.
4
4.
7
3.
5
2.
3
3.
1
3.
4
3.
50
4.
3
4.
3
2
2.
20
3.
30
3.
50
4.
20
4.
20
3.
1
3.
5
0.
7
2.
10
H
o
0.
79
0.
74
0.
72
0.
71
0.
65
0.
81
0.
62
0.
42
0.
63
0.
76
0.
70
0.
8
0.
87
0.
28
0.
40
0.
70
0.
70
0.
80
0.
80
0.
68
0.
71
0.
2
0.
30
E
r
2.
1
2
2
2
1.
7
2.
1
1.
7
1.
2
1.
5
2.
1
2.
00
2.
1
2.
4
0.
7
1.
40
1.
90
2.
10
2.
40
2.
30
1.
8
1.
9
0.
6
1.
00
T
m
0.
31
0.
3
0.
3
0.
3
0.
26
0.
32
0.
24
0.
2
0.
21
0.
32
0.
29
0.
3
0.
36
0.
13
0.
21
0.
29
0.
34
0.
34
0.
34
0.
26
0.
27
0.
11
0.
16
Y
b
1.
9
1.
8
1.
8
1.
9
1.
5
2
1.
5
1.
2
1.
4
2
2.
00
2
2.
3
0.
8
1.
50
2.
00
2.
20
2.
20
2.
30
1.
7
1.
7
0.
8
1.
20
Lu
0.
28
0.
26
0.
26
0.
28
0.
22
0.
27
0.
23
0.
19
0.
21
0.
3
0.
29
0.
3
0.
33
0.
12
0.
24
0.
29
0.
33
0.
32
0.
33
0.
26
0.
26
0.
13
0.
18
Appendix E:
Whole rock geochemical analyses (underground and surface).
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Small column chemistry for zircon
conditioning  3.1 N HCl 18 drops
load sample in  3.1 N HCl 12 drops
Zr wash  3.1 N HCl 9 drops
     14 drops
new breakers, clean PMP
elute Pb  6.2 N HCl 21 drops
elute Zr  H2O  20 drops
loading acid  H3PO4  1-2 drops
Hf chemistry with LN spec for zircon
cleaning  6N HCl + 1 N HF  1cv
   6N HCl + 1 N HF  1cv
   6N HCl  1cv
conditioning  1N HCl + 0.1 N HF 1cv
load sample in  1N HCl + 0.1 N HF 1cv
cleaning cap  6N HCl
collect Hf  1N HCl + 0.1 N HF 7ml
cleaning  6N HCl + 0.1 N HF 1cv
   6N HCl + 1 N HF 1cv
   6N HCl 
Appendix F:
Whole rock geochemical analyses (underground and surface).
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Fig. 1.1. Geological map of Bulgaria (after Ivanov, 1988).
Fig. 1.2. Cross section showing the principal tectonic units of Bulgaria (after Ivanov, 1988).
Fig. 1.3. The Vardar and Rhodope Mesozoic history in its Tethysian context (after Ricou et al., 1998).
Fig. 1.4. Simpliﬁed tectonic map showing the distribution of the principal ore deposit zones in the Balkan-Carpathian-
Dinaride region (after Heinrich and Neubauer, 2002).
Fig. 1.5. Bulgarian part of the Srednogorie Belt (after Dabovski, 1980).
Fig. 1.6. a. The Banat-Srednogorie zone in Bulgaria and location of the Panagyurishte mineral district and the Chelopech 
deposit. b. Simpliﬁed geology of the Panagyurishte ore district (after Cheshitev et al., 1995 and Moritz et al., 2004).
Fig. 2.1. Geological map of Chelopech area.
Fig. 2.2. Stratigraphic column of the Chelopech district (modiﬁed after Popov and Popov, 2000).
Fig. 2.3. Field pictures of the different sedimentary and volcanic formations in the Chelopech area. 
Fig. 2.4. Chelopech cross section, based on surface and underground mapping, extensive drillcore descriptions and 
observations, and including information from Popov and Kovatchev (1996) for the northern part at Vozdol.
Fig. 2.5. Geological map of the Chelopech area, according to Moev and Antonov (1978a, b), and Stoykov et al. (2002).
Fig. 2.6. Interpretative lithological map for the Chelopech mine, level 405; based on mining mapping and drill hole 
descriptions.
Fig. 2.7. Alteration map level 405, Chelopech mine (after Mutafchiev and Petrunov, 1996 and Georgieva et al., in 
preparation).
Fig. 2.8. Hydrothermal alteration assemblages described in the Chelopech deposit (Petrunov, 1995; Georgieva et al., 2002) 
are represented with the hatched pattern on diagram modiﬁed after Corbett and Leach (1998).
Fig. 2.9. Alteration variations on Chelopech surface area (from Georgieva, in prep).
Fig. 2.10. Paragenesis of the Chelopech deposit (from Petrunov, 1994, 1995; Simova, 2000; Jacquat, 2003).
Fig. 2.11. Location of the different exploitation blocks in the Chelopech mine (mine data, personal communication).
Fig. 2.12. Model of the ore-forming history of the Chelopech deposit (after Petrunov, 1994, 1995; Mutafchiev and Petrunov, 
1996). 
Fig. 3.1. Synopsis of the evolution of the Tethys Western margin, and the Alpine-West Carpathian orogen, from the pre-rift 
Pangea conﬁguration to the Neoalpine collision (from Neugebauer et al., 2001).
Fig. 3.2. Generalized model displaying mineralization associated with post-collisional slab break-off (modiﬁed after Wortel 
and Spakman, 2000 and Neubauer, 2002).
Fig. 3.3. a. Major tectonic zones of Bulgaria (after Ivanov, 1988), b. Simpliﬁed geology of the Panagyurishte mineral district 
(after Cheshitev et al., 1995 and Moritz et al., 2004), c. Structural map of the Panagyurishte mineral district (modiﬁed after 
Popov and Popov, 2000 and Ivanov and Dimov, 2002). 
Fig. 3.4. a. and b. Different cross sections, perpendicular to F
1
 and located a. On Chelopech mine and b. On Charlodere 
occurrence, c. Perpendicular to F
3
 and F
2
, and containing the exploitation blocks, 151, 150, 17, 18. 
Fig. 3.5. Map of the Chelopech area (surface), a. Geological map of the Chelopech area, b. Schematic structural map of the 
Chelopech deposit.
Fig. 3.6. Underground geological map on the exploitation level 405 of the Chelopech deposit, according to Popov and 
Kovachev (1996).
Fig. 3.7. Interpretative structural map of the Chelopech mine, level 405.
Fig. 3.8. a, b, c, d. Associated deformations with the F
1
 fault system. a. C-S structures in the ﬂysch of the Chugovista 
Formation, b. Fold in ﬂysch of the Chugovista Formation, Chugovista valley, c and d. Thrust structure seen in the mine 
galleries. 
Fig. 3.9. Fault plane projections on equal area, lower hemisphere stereographs.
Fig. 3.10. a. Detailed mapping of block 17 on level 405, b. Detailed mapping of block 151 on level 405.
Fig. 3.11. Structural interpretative map of the western part of the Chugovista Valley.
Fig. 3.12. Schematic tectonic evolution of the Chelopech deposit. 
Fig. 3.13. a. Cross section of the Radka deposit (after Popov and Popov, 1997; Tsonev, 2000; Kouzmanov et al., 2002; Moritz 
et al., 2004); b. Cross section of the Elshitsa deposit (after Chipchakova and Stefanov, 1974; Moritz et al., 2004).
Fig. 3.14. Principal tectonic orientations of the Panagyurishte mineral district in the Srednogorie belt.
Fig. 3.15. Relationship between convergent margin tectonics, upper plate structure, and magmatism for the Panagyurishte 
mineral district evolution.
Fig. 4.1. Surface geological map of the Chelopech area.
Fig. 4.2. SE-NW section A-B of the Chelopech area, following the different units, realized with mapping and drillcore 
descriptions. 
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Fig. 4.3. Underground geological maps of level 405, Chelopech deposit.
Fig. 4.4. Mineralization types of the Chelopech deposit. 
Fig. 4.5. Microscopic and macroscopic features of the main rock types.
Fig. 4.6. Example of a stratigraphic log for the western zone of the present mine level at the Chelopech mine.
Fig. 4.7. Characteristic picture sof the Vozdol breccia. 
Fig. 4.8. Chugovista syn-volcanic breccia facies. 
Fig. 4.9. Characteristic features of the main breccia types. 
Fig. 4.10. Drillcore sample of secondary polymictic hydrothermal breccia associated with luzonite-pyrite-bornite 
mineralization.
Fig. 4.11. Schematic model for the development of hydrothermal breccias at the Chelopech deposit (after Sillitoe, 1985; 
Corbett and Leach, 1998; Browne and Lawless, 2001 and Dobson et al., 2003). 
Fig. 4.12. Approximate evolution of the Chelopech epithermal high-sulﬁdation deposit. 
Fig. 4.13. Schematic model cross sections from SE-NW, summarizing the four principal evolution stages of the Chelopech 
high-sulﬁdation deposit.
Fig. 5.1. a. The Srednogorie Belt in Bulgaria (simpliﬁed from Ivanov, 1988). b. Simpliﬁed geology of the Panagyurishte 
mineral district (after Cheshitev et al., 1995).
Fig. 5.2. Geological map and cross section of the Chelopech epithermal deposit.
Fig. 5.3. Different magmatic textures and alterations of the magmatic rocks from the Chelopech area.
Fig. 5.4. Major and trace elements versus LOI (%). LOI is considered as an alteration differentiation index.
Fig. 5.5. a. Zr (ppm) vs. TiO2 (wt %) characterization of the immobile elements, b. Classiﬁcation of the magmatic rocks from 
the Chelopech area (from Winchester and Floyd, 1977).
Fig. 5.6. REE Chondrite-normalized and trace element MORB-normalized patterns for the different Chelopech rock types. 
Chondrite normalization composition from Sun and McDonough (1989), MORB normalization composition from Pearce 
(1982).
Fig. 5.7. REE fresh andesite-normalized average compositions for the Chelopech rocks. Fresh andesite composition from 
Stoykov et al. (2002).
Fig. 5.8. Ternary diagram showing plagioclase phenocryst compositions of the Chelopech magmatic rocks, grey ﬁeld represent 
data from Stoykov et al. (2002).
Fig. 5.9. Halogen and OH variations in apatite from magmatic rocks of the Chelopech area. 
Fig. 5.10. a. Relative dominant ﬁeld for hydroxyapatite (Hap), ﬂuoroapatite (Fap) and chloroapatite (Clap) components in 
apatite solid solution up to 1000°C and 5kb (after Zhu and Sverjensky, 1991), b. Dissociation constants for inorganic acids 
and bases between 25°C and 350°C, from Barnes (1997).
Fig. 5.11. Characteristic morphology of analyzed zircons, a. sample V33-00, b. sample V58-01 and c. sample C16-01.
Fig. 5.12. U-Pb concordia diagram of the altered magmatic rock on surface V33-00.
Fig. 5.13. U-Pb concordia diagram of the altered dacite dome-like body of the Petrovden zone V58-01.
Fig. 5.14. U-Pb concordia diagram of the altered andesite subvolcanic body which hosts the mineralization, C16-01.
Fig. 5.15. εHf values calculated for 90 Ma vs. 206Pb/238U apparent ages. 
Fig. 5.16. Timing of the Panagyurishte district magmatism.
Fig. 6.1. a. The Banat-Srednogorie zone in Bulgaria, displaying the location of the Panagyurishte ore district and the Chelopech 
deposit, b. Simpliﬁed geology of the Panagyurishte ore district (after Cheshitev et al., 1995 and Moritz et al., 2004).
Fig. 6.2. Geological map of the Chelopech area (alteration zones from Georgieva, in prep).
Fig. 6.3. Underground geological map of level 405, Chelopech deposit.
Fig. 6.4. Paragenetic sequence for the Chelopech deposit (after Petrunov, 1994, 1995 and Jacquat, 2003).
Fig. 6.5. REE Chondrite-normalized and trace element MORB-normalized patterns for Chelopech fresh magmatic rocks. 
Chondrite normalization composition from Sun and McDonough (1989), MORB normalization composition from Pearce 
(1982).
Fig. 6.6. Oxygen isotope histograms for hydrothermal quartz, whole rocks, clay minerals, sericite and magmatic hornblende. 
Fig. 6.7. Mineralogical association of the clay mineral separate samples.
Fig. 6.8. Variation in δ18O values content of the fresh and altered andesite wall rock of the Chelopech deposit.
Fig. 6.9. The δ18O and δD values for ﬂuid in equilibrium with the different alteration and mineralization stage minerals of the 
Chelopech deposit calculated at 200°C and 250°C.
Fig. 6.10. a. Water / rock (W/R) ratio in closed system vs. the δ18O
initial
 values of the ﬂuid at 200°C, b. Water / rock (W/R) 
ratio in open system vs. the δ18O
initial
 values of the ﬂuid at 200°C, c. δ18O
ﬁnal rock
 calculated according to the equation of Taylor 
(1979) vs. the water / rock ratio at 200°C and 250°C.
Fig. 6.11. δ18O vs. δD values for mineralizing ﬂuids from various high-sulﬁdation epithermal deposits and active volcanic 
systems.
Fig. 7.1. Schematic continental margin-scale sections illustrating selected volcanotectonic settings for high-, intermediate-, 
and low-sulﬁdation epithermal deposits (after Sillitoe and Hedenquist, 2003).
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Fig. 7.2. Worldwide distribution of high sulﬁdation deposits (from Arribas, 1995).
Fig. 7.3. Alteration zones characteristic of high-sulﬁdation deposits (from Arribas, 1995).
Fig. 7.4. High-sulﬁdation system, alteration mineralogy (modiﬁed after Corbett and Leach, 1998).
Fig. 7.5. Schematic cross-section showing shallow, subvolcanic intrusions, an associated stratovolcano, and the environments 
deduced for the formation of porphyry Cu, and high and low-sulﬁdation epithermal ore deposit (from Hedenquist and 
Lowenstern, 1994).
Fig. 7.6. Grade tonnage diagram of the Chelopech high-sulﬁdation deposit in comparison to similar world deposits (modiﬁed 
from Moritz et al., 2004). 
Fig. 7.7. Geographical repartition of S and Cu wt% contents in exploitation blocks 151 and 18. 
Fig. 7.8. Log f S2 vs. T°C, from Einaudi et al. (2003, cf. Figs.4, 7), showing the sulﬁdation state and ﬂuids from active 
hydrothermal systems plotted over a grid of mineral sulﬁdation reactions at 1 bar. 
Table. 1.1. Copper and gold deposits of the Panagyurishte mineral district, including production and resources (from 
Strashimirov et al., 2002).
Table. 2.1. Chelopech DPMI data.
Table. 4.1. Volcanic breccia types at Chelopech.
Table. 4.2. Summary of the contact of the different clasts and the different matrix types for the Vozdol breccia unit.
Table. 4.3. Hydrothermal breccia types at Chelopech.
Table. 4.4. The different alteration zones observed in the different host rocks of the Chelopech deposit.
Table. 4.5. Different host rock types of the Chelopech deposit versus the different mineralization types and the different 
hydrothermal breccias.
Table. 5.1. Representative geochemical analyses of fresh and altered magmatic rocks of the Chelopech deposit area.
Table. 5.2. a. Representative plagioclase microprobe analyses of the Vozdol syn-volcanic breccia clasts. b. Representative 
amphibole microprobe analyses of the Vozdol syn-volcanic breccia clasts. c. Representative apatite microprobe analyses.
Table. 5.3. U-Pb zircon isotope data for the Chelopech magmatic rocks – samples V33-00 – V58 -01– C16-01.
Table. 5.4. Hf zircon isotope data for altered magmatic rocks of the Chelopech deposit.
Table. 5.5. Differences between Petrovden and Chelopech magmatic rocks.
Table. 6.1. Oxygen and hydrogen isotopic compositions of silicates and wall rocks (this study), barite and anhydrite isotopic 
compositions from Jacquat (2003).
Table. 6.2. Fractionation calculation between andesite and water, and isotopic composition of ﬂuids in equilibrium with 
andesite for variable temperatures from 200°C to 400°C, δ18O
ﬁnal ﬂuid 
= δ18O
ﬁnal andesite 
– ∆
and-w
. 
Table. 7.1. Nomenclature used for the main epithermal environments (from Hedenquist et al., 2000).
Table. 7.2. Principal ﬁeld-oriented characteristics of epithermal types and subtypes, after Sillitoe and Hedenquist (2003).
Table. 7.3. Depth and temperature characteristics in high-sulﬁdation deposits. (After Hedenquist et al., 2000, compilation of 
Tables 3, 4 and 5b).
Table. 7.4. Metal ratios for the different exploitation blocks of the Chelopech deposit.
Table. 7.5. Major characteristics of high-sulﬁdation epithermal deposits from the Panagyurishte 
mineral district, after Moritz et al. (2004).
Table. 7.6. Selected features of high-sulﬁdation epithermal deposits, after Sillitoe and Hedenquist (2003).
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